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Abstract 
Repetitive motor practice such as strength training leads to performance gains, and 
also promotes use-dependent neuroplasticity in the motor cortex (M1). Non-invasive 
brain stimulation techniques such as transcranial direct current stimulation (tDCS) 
have been shown to produce experimentally-induced neuroplasticity of a similar 
nature, which is sometimes accompanied by transient improvements in strength. The 
primary aim of this thesis was to determine any functional and neurophysiological 
benefits that may result from the combined application of anodal transcranial direct 
current stimulation (a-tDCS) during unilateral strength training. 
In the first study, a three week unilateral strength training program was performed 
during application of a-tDCS to the M1 contralateral to the trained limb (cM1). 
Strength training resulted in increased single repetition maximum (1RM) strength, 
however participants receiving a-tDCS (ST + a-tDCS group) did not exhibit 
significantly greater gains than participants receiving sham-tDCS (ST + sham group) 
(14.89% and 11.17% respectively, both p < 0.05). The ST + a-tDCS group displayed 
a significant increase in corticospinal excitability (22.56%, p = 0.02) and a decrease in 
short-interval intracortical inhibition (SICI) (38.59%, p = 0.03) that was not present in 
the ST + sham group, suggesting the addition of a-tDCS during training enhances cM1 
neuroplasticity. 
The second study involved a single bout of unilateral strength training performed 
during application of a-tDCS to the M1 ipsilateral to the trained limb (iM1), to 
determine the effect on cross-education. The ST + a-tDCS condition produced an 
immediate increase in 1RM strength of the untrained limb (5.27%, p = 0.01), increased 
corticospinal excitability (17.29%, p = 0.01), cross-activation (15.71%, p = 0.03), and 
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a decrease in SICI (13.94%, p = 0.01) of the iM1. ST + sham had no effect on outcome 
measures, and a-tDCS without training only produced an increase in corticospinal 
excitability (15.15%, p = 0.04), suggesting the combination of use-dependent and 
experimentally-induced neuroplasticity during the ST + a-tDCS condition interacted 
to produce a compounding effect. 
The third study applied the same protocol across a two week strength training program. 
Gains in strength of the untrained limb, corticospinal excitability, and cross-activation 
of the iM1 were not significantly different for the ST + a-tDCS group and ST + sham 
group immediately following the final training session. However, significantly greater 
benefits for strength gain (13.01%, p = 0.04), increased corticospinal excitability 
(22.36%, p = 0.01), and reduction in SICI (30.59%, p = 0.01) for the ST + a-tDCS 
group compared to the ST + sham group became evident after the 48 hour retention 
period. 
It was concluded that the application of a-tDCS during strength training has the 
potential to accelerate and prolong neuroplasticity and strength gains, but may be 
limited by a ceiling effect. The combination of strength training and a-tDCS may be 
particularly efficacious to enhance rehabilitation outcomes when motor impairment or 
injury limits optimal performance or prevents standard strength training.
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CHAPTER ONE: INTRODUCTION 
It is well established that the structure and function of the central nervous system 
(CNS) is modifiable in nature, a process broadly referred to as ‘neuroplasticity’. 
Neuroplastic changes in the human primary motor cortex (M1) can occur in response 
to both non-invasive brain stimulation, such as transcranial direct current stimulation 
(tDCS), and repetitive practice of motor tasks, such as strength training. Throughout 
this thesis, neural adaptations elicited by non-invasive brain stimulation and strength 
training will be referred to as ‘experimentally-induced’ and ‘use-dependent’ 
neuroplasticity respectively. Interestingly, despite compelling evidence for similar 
neurophysiological mechanisms underpinning both experimentally-induced and use-
dependent neuroplasticity, there have been few attempts to utilise a combination of 
these techniques to augment the resulting neuroplastic and functional benefits.  
Repetitive strength training against resistive loads is a well-established method for 
increasing muscular performance (Kraemer et al. 2002). The early stages of strength 
training often produce large increases in force production without considerable 
changes in muscle size, highlighting the important role of the CNS in the development 
of strength (Enoka 1988; Folland & Williams 2007). Recently, increases in 
corticospinal excitability and decreases in cortical inhibition measured with 
transcranial magnetic stimulation (TMS) have been reported following heavy load 
strength training programs (Kidgell et al. 2010; Weier, Pearce & Kidgell 2012). 
Furthermore, when unilateral strength training is performed, functional and 
neurophysiological adaptations occur not only in the trained muscle and corresponding 
motor pathway, but also in the pathway activating the untrained limb, resulting in 
increased performance of the untrained muscle (Ruddy & Carson 2013; Scripture, 
Smith & Brown 1894). This process, known as ‘cross-education’, may have substantial 
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clinical relevance and implications for rehabilitation following single limb injury and 
immobilisation (Farthing, Krentz & Magnus 2009; Magnus et al. 2013). While the 
precise neural mechanisms underpinning cross-education remain somewhat 
unresolved, current evidence suggests that the M1 ipsilateral to the trained limb (iM1) 
plays an important role in mediating the cross-education of strength (Ruddy & Carson 
2013). Traditionally, the M1 contralateral to the active limb (cM1) was thought to be 
solely responsible for unilateral movement, however, increases in corticospinal 
excitability of the iM1 have been reported during acute unilateral contraction (Perez 
& Cohen 2008), and accompanying strength gain in the untrained homologous muscle 
after several weeks of unilateral strength training (Goodwill, Pearce & Kidgell 2012; 
Kidgell, Stokes & Pearce 2011). Despite growing evidence to directly implicate the 
role of use-dependent neuroplasticity in the iM1 mediating cross-education, there have 
been no attempts to facilitate this process by combining strength training with 
experimentally-induced neuroplasticity from non-invasive brain stimulation. 
The application of tDCS to the M1 has received considerable scientific interest due to 
its ability to induce neuroplastic changes in a safe and cost-effective manner (Nitsche 
et al. 2008). Anodal stimulation (a-tDCS) produces a transient increase in corticospinal 
excitability, while cathodal stimulation (c-tDCS) causes a temporary reduction in 
corticospinal excitability, with changes typically outlasting the stimulation period for 
up to 90 minutes (Fricke et al. 2011; Nitsche & Paulus 2000). It is believed that during 
the application of tDCS, corticospinal excitability is acutely altered due to changes in 
the resting membrane potential of underlying neurons (Nitsche et al. 2003a; Purpura 
& McMurty 1965), while the longer lasting effects of tDCS appear to be mediated by 
improvements in synaptic efficacy, similar to mechanisms associated with long term 
potentiation (LTP) (Liebetanz et al. 2002; Nitsche et al. 2004a; Nitsche et al. 2004b). 
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There is evidence that the temporary modulation of corticospinal excitability and 
inhibition following tDCS corresponds with transient effects in motor function 
(Bastani & Jaberzadeh 2012). As a result, the use of a-tDCS to augment neuromuscular 
performance has received significant interest, with several studies demonstrating acute 
improvements in motor skill tasks (Hummel et al. 2010; Boggio et al. 2006), force 
production (Tanaka et al. 2009), and muscular endurance (Cogiamanian et al. 2007; 
Williams, Hoffman & Clark 2013). While most studies have investigated the potential 
for tDCS in the treatment of patients with motor impairments such as stroke (see 
Marquez et al. 2013 for review), healthy individuals also appear to obtain benefits in 
motor function (Boggio et al. 2006; Kidgell et al. 2013), particularly when a-tDCS is 
combined with concurrent motor practice (Parikh & Cole 2014; Stagg et al. 2011). 
Furthermore, the timing of stimulation appears to be crucial, with one study showing 
that a-tDCS applied during motor practice, but not prior to motor practice, enhanced 
performance outcomes (Stagg et al. 2011).  
Evidence from existing literature suggests that a-tDCS may be a useful technique to 
enhance maximal voluntary strength (Tanaka et al. 2009). Yet to our knowledge, the 
simultaneous application of a-tDCS during short term strength training programs to 
enhance strength gain and cross-education has not been thoroughly investigated. 
Considering that use-dependent neuroplasticity following unilateral strength training 
and experimentally-induced neuroplasticity following the application of a-tDCS share 
similar underlying neural mechanisms, it is possible that the combination of these two 
procedures may produce a compounding effect on neuroplasticity in the M1, resulting 
in an improvement in motor function. Therefore, the purpose of this thesis was to 
examine the efficacy of combining a-tDCS during strength training via three separate 
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randomised controlled trials, with the overarching goal of maximising gains in 
muscular strength and enhancing neuroplasticity in the M1. 
The first study (chapter three) involved a three week unilateral strength training 
program with a-tDCS applied to the cM1. Despite evidence for acute strength gain 
following a single session of a-tDCS (Tanaka et al. 2009), and reports that repeated 
application of tDCS may produce a cumulative effect on motor skill performance 
(Boggio et al. 2007; Reis et al. 2009), the effects of multiple sessions of a-tDCS on 
muscular strength is not known. Additionally, performance improvements appear to 
be greater when a-tDCS is applied during motor practice (Stagg et al. 2011), yet to the 
best of our knowledge, no studies have combined a-tDCS with strength training. Since 
both a-tDCS and strength training are believed to enhance neuromuscular performance 
via increased corticospinal excitability and decreased inhibition, this study 
investigated the possibility that combined treatment may further enhance 
neuroplasticity, which may potentially augment strength gains. The strength training 
program involved heavy loads and externally paced contraction timing, with a-tDCS 
applied at high intensity throughout the exercise and rest periods, in an effort to 
maximise neuroplasticity of the cM1. The findings from this study provided pilot 
evidence about the interaction between strength training and a-tDCS, which formed 
the basis for further investigations in studies two and three. 
The second study (chapter four) examined the acute effects of a-tDCS when applied 
to the iM1 during a single bout of strength training. There is strong evidence to 
implicate iM1 activity during unilateral contractions (Ruddy & Carson 2013). A recent 
study illustrated that experimentally-induced disruption of the iM1 via repetitive TMS 
(rTMS) following ballistic motor practice abolished the cross-education of 
performance gains following unilateral training (Lee et al. 2010), however the 
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potential to up-regulate iM1 neuroplasticity through non-invasive brain stimulation 
during unilateral exercise has not been investigated. Since a-tDCS is believed to 
increase corticospinal excitability via changes in resting membrane potential and 
strengthening of synaptic connections, this study sought to determine if the application 
of a-tDCS to the iM1 during high intensity unilateral contractions may transiently 
promote neuroplasticity of the iM1 and strength gains in the corresponding muscle. In 
addition to traditional measures of corticospinal excitability and inhibition, TMS-
evoked responses were obtained during unilateral maximal voluntary contraction 
(MVC) to quantify cross-activation of the iM1 before and after the intervention. The 
findings from this study strengthened the rationale for study three, which examined 
the use of a-tDCS on the iM1 across repeated sessions of strength training. 
The third study (chapter five) investigated the application of a-tDCS to the iM1 during 
a two week strength training program aimed at enhancing the magnitude of cross-
education to the untrained limb. To our knowledge, this was the first study to 
investigate a-tDCS as a potential method to maximise the cross-education of strength 
over multiple sessions. Most studies to date examining the effects of a-tDCS assess 
performance and neuroplasticity immediately (0-90 min) following stimulation 
(Fricke et al. 2011; Nitsche & Paulus 2001), while most strength training and cross-
education studies assess such measures 48-72 hours after the final training session 
(Kidgell, Stokes & Pearce 2011; Lee, Gandevia & Carroll 2009). A novel aspect of 
this study was the quantification of strength and neuroplasticity measures at two 
separate post-intervention time points; immediately following the final training 
session, and following a 48-hour period. This study was designed to provide evidence 
for the efficacy of a-tDCS to enhance cross-education of strength to the untrained limb, 
which may have implications for use in clinical and rehabilitation settings. 
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1.1. Thesis aims and hypotheses 
The overarching aim of this thesis was to assess the efficacy of a-tDCS applied during 
unilateral strength training as a method to augment functional strength gain and 
neuroplasticity of the M1.  
Specifically, the aims of each study included: 
1. Investigate changes in functional strength of the trained limb, and 
corresponding changes in corticospinal excitability and inhibition of the cM1 
following a three week unilateral strength training program with concurrent 
application of a-tDCS to the cM1 (study one). 
2. Investigate acute changes in strength of the contralateral untrained limb, and 
accompanying changes in corticospinal excitability, inhibition, and cross-
activation of the iM1 following a single session of unilateral strength training 
with concurrent application of a-tDCS to the iM1 (study two). 
3. Investigate changes in functional strength of the untrained limb, and 
corresponding changes in corticospinal excitability, inhibition, and cross-
activation of the iM1 following a two week unilateral strength training program 
with concurrent application of a-tDCS to the iM1 (study three). 
It was hypothesised that: 
1. The application of a-tDCS to the cM1 during a three week strength training 
program would augment strength gain of the trained limb, and produce a 
greater increase in corticospinal excitability and reduction in inhibition of the 
cM1 compared to strength training with sham-tDCS (study one). 
2. A single session of strength training with concurrent a-tDCS of the iM1 would 
elicit an acute increase in strength of the untrained limb, accompanied by 
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greater gains in corticospinal excitability and cross-activation, and a greater 
reduction in inhibition of the iM1 compared to either unilateral strength 
training with sham-tDCS, or a-tDCS alone (study two). 
3. Two weeks of strength training with concurrent a-tDCS applied to the iM1 
would augment cross-education of strength gain to the untrained limb, 
accompanied by greater gains in corticospinal excitability and cross-activation, 
and a larger reduction in inhibition of the iM1 compared to either strength 
training with sham-tDCS, or a-tDCS alone (study three). 
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CHAPTER TWO: REVIEW OF THE LITERATURE   
2.1. Overview 
This chapter will comprehensively review the current literature relating to the 
functional and neurophysiological adaptations following strength training and non-
invasive brain stimulation, providing a clear rationale for the primary concepts and 
research questions that will be addressed in this thesis. The chapter will begin by 
outlining the organisation of the human motor system, and the various methods by 
which neuroplasticity can be assessed. This will be followed by a summary of the 
effect of strength training on the structure and function of the CNS, and a detailed 
analysis of the potential underlying mechanisms involved in the cross-education of 
strength. The neurophysiological effects of tDCS will be then reviewed, with emphasis 
on the evidence for corresponding effects on motor function. Finally, the implications 
for applying tDCS to enhance the magnitude of strength gain, cross-education of 
strength, and M1 neuroplasticity will be discussed. 
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2.2. Organisation of the central motor system 
2.2.1. Primary motor cortex 
The M1 is the area of the human brain responsible for the planning, control and 
execution of voluntary movement (Haines 2006; Rothwell 1994). The M1 is located 
in the posterior portion of the pre-central gyrus, on the anterior border of the central 
sulcus, and is responsible for generating neural impulses that descend through the 
spinal cord and synapse onto the motor neuron pool, evoking muscular contractions 
(Haines 2006; Rothwell 1994). Neurons within the M1 are arranged somatotopically 
according to the specific muscle groups that they innervate (Haines 2006; Nolte 2002), 
although it is now widely accepted that these regions are both dynamic and modifiable 
(Sanes & Donoghue 2000). The motor homunculus was developed from early cortical 
mapping studies (Brodmann 1909), depicting the distribution of corticospinal neurons 
controlling skeletal muscle in each region of the body (Haines 2006). 
The most superficial and largest portion of the M1 is the neocortex (see Figure 2.1), 
which is organised in six distinct horizontal layers (Fatterpekar et al. 2002; Rothwell 
1994). These layers are made up of two types of cells; pyramidal cells which have 
axons leaving the cerebral cortex and descending through the medullary pyramid, and 
stellate cells that act as cerebral interneurons and are confined within the cerebral 
cortex (Haines 2006; Mountcastle 1997; Nolte 2002; Rothwell 1994). These layers of 
both pyramidal and stellate cells provide strong horizontal and vertical connections for 
excitation between the neurons of the M1 (Mountcastle 1997; Nolte 2002; Rothwell 
1994). These connections provide a neuroanatomical basis for intrahemispheric and 
interhemispheric communication, with the balance of inhibitory and excitatory 
synapses reaching the pyramidal cells determining the net descending drive that 
reaches the motor neuron pool (Ni & Chen 2008; Rothwell et al. 2009).  
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Figure 2.1. Visual representation of the layers of the neocortex (Fatterpekar et al. 
2002; Haines 2006; Rothwell 1994). 
a. The molecular layer is the most superficial, containing few cell bodies. 
b. The external granular layer is densely packed with small pyramidal and stellate 
cells. 
c. The external pyramidal layer is predominantly composed of medium sized 
pyramidal cells. 
d. The internal granule layer contains densely packed pyramidal and stellate cells. 
e. The ganglionic layer contains the largest pyramidal cells, known as Betz cells. 
f. The multiform layer is relatively thin, with spindle-shaped cells scattered amongst 
fibre bundles. 
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2.2.2. Corticospinal tract 
The pathway for neural impulses from M1 to the lower motor neurons is known as the 
corticospinal tract. Corticospinal neurons, which are classified as upper motor neurons, 
originate predominately from the ganglionic layer of the M1 (layer e, Figure 2.1.) 
(Haines 2006; Porter & Lemon 1993; Rothwell 1994). Their axons propagate down 
the brainstem and spinal cord where they synapse directly with lower motor neurons, 
which directly innervate skeletal muscle (Haines 2006; Nolte 2002; Rothwell 1994). 
Decussation of approximately 85-90% of the corticospinal axons occurs at the junction 
between the medulla oblongata and the spinal cord (Haines 2006; Nolte 2002; 
Rothwell 1994). The remaining uncrossed axons continue as the anterior corticospinal 
tract, where they are believed to innervate musculature of the trunk (Nathan, Smith & 
Deacon 1990; Rothwell 1994). Due to the decussation of the majority of corticospinal 
neurons, the right and left hemispheres of M1 innervate skeletal muscle on 
contralateral sides of the body.  
2.2.3. Neuroplasticity 
Historically, the structure and function of the CNS was believed to be fixed, with little 
or no prospects for significant adaptation occurring after initial development during 
childhood. It has since been well established that the CNS, including the M1 and 
corticospinal tract, is in fact highly modifiable (Sanes & Donoghue 2000), responding 
to both use-dependent motor practice (Carroll, Riek & Carson 2001a) and 
experimentally-induced non-invasive brain stimulation (Nitsche & Paulus 2000). It is 
believed that neuroplastic changes in the M1 following such stimuli may be a result of 
enhanced synaptic efficacy, the unmasking of latent synapses, and synaptogenesis 
(Carroll, Riek & Carson 2001a, Kleim et al. 2002; Ziemann, Hallett & Cohen 1998). 
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Improvements in the efficiency of synaptic connections are thought to primarily 
involve the removal of γ-aminoburtic acid (GABA) mediated inhibitory projections 
(Jacobs & Donoghue 1991; Ziemann, Hallett & Cohen 1998), and increased sensitivity 
of the N-methyl-D-aspartate (NMDA) receptor (Butefische et al. 2000). Section 2.4.1 
(page 37) provides a more detailed review of current literature regarding the 
neuroplasticity associated with strength training, while section 2.6.1 (page 52) 
examines evidence for experimentally-induced neuroplasticity associated with tDCS.  
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2.3. Non-invasive techniques to assess neurophysiological function in humans 
A number of different techniques are commonly used to investigate the function of the 
CNS. Functional magnetic resonance imaging (fMRI) and positron emission 
tomography (PET) provide information about the active areas of the M1 via blood flow 
distribution, however these techniques are unable to quantify synaptic activity and lack 
time resolution (Hallett 2000). Alternatively, transcranial stimulation techniques are 
able to produce excitatory and inhibitory interactions within the M1, and provide an 
objective measure of the strength and function of corticospinal cell projections (Hallett 
2000). Transcranial electrical stimulation (TES) was initially utilised to assess 
neurophysiological function, however its painful and invasive nature prompted the 
development of TMS, which is now widely used to quantify various corticospinal 
measures that are subject to both use-dependent and experimentally-induced 
neuroplasticity (Barker, Jalinous & Freeston 1985; Hallett 2000). 
2.3.1. Transcranial magnetic stimulation 
Transcranial magnetic stimulation applied over the M1 is a non-invasive technique 
that is used to activate the corticospinal tract by inducing current flow within the 
cerebral cortex (Chen 2000; Hallett 2000; Hallett 2007; Kobayashi & Pascual-Leone 
2003; Weber & Eisen 2002). The technique was first established in 1985 by Anthony 
Barker, and has since become a popular research tool, providing a painless alternative 
to electrical stimulation (Barker, Jalinous & Freeston 1985; Hallett 2007). A brief, high 
current pulse passes through a magnetic coil producing a magnetic field that passes 
unimpeded through the skull, and induces a perpendicular electrical current activating 
the underlying neurons (Chen 2000; Hallett 2000; Kobayashi & Pascual-Leone 2003). 
The use of a figure-eight shaped coil produces the most focal electric field, and the 
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response is greatest when the coil is positioned in an anterior-posterior direction 
(Hallett 2000; Weber & Eisen 2002). By discharging the coil over a specific area of 
the M1, the electrical current depolarises corticospinal neurons, producing a series of 
descending volleys (action potentials) that travel along the corticospinal tract and 
synapse with motor neurons that activate the target muscle group (Chen 2000; 
Kobayashi & Pascual-Leone 2003; Weber & Eisen 2002). The result is a brief muscle 
twitch or contraction in the muscle group corresponding to the site of stimulation on 
the M1 (Chen 2000; Hallett 2007; Kobayashi & Pascual-Leone 2003; Weber & Eisen 
2002). The muscular response is thought to be produced by a number of direct and 
indirect descending waves that are triggered by the stimulus (Reis et al. 2008; Ziemann 
& Rothwell 2000). The direct wave (D-wave) is the initial descending volley produced 
following direct depolarisation of the corticospinal neurons, which only occurs during 
high intensity TMS, or with electrical stimulation (Edgley et al. 1990). This is followed 
by a number of indirect volleys (I-waves) which are generated by indirect synaptic 
activation of the corticospinal neurons from depolarisation of excitatory interneurons 
in the local surrounding M1 (Di Lazzaro et al. 2004). Single-pulse TMS induced 
muscle responses commonly analysed in research are produced predominantly via the 
depolarisation of interneurons to produce several I-waves, with minimal contribution 
from direct corticospinal depolarisation (Reis et al. 2008). 
2.3.2. Motor evoked potentials 
The response of the target muscle to TMS is recorded at the muscle using surface 
electromyography (EMG). This response, known as a motor evoked potential (MEP), 
can be analysed to provide an insight into the corticospinal function of the tested 
individual (Chen 2000; Hallett 2007; Kobayashi & Pascual-Leone 2003; Weber & 
Eisen 2002). An example of an MEP recorded from EMG is shown in Figure 2.2. 
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Figure 2.2. An example of a motor evoked potential during background muscle 
activity.  
The stimulus (a) is followed by a brief period of latency (b), before the peak-to-peak 
amplitude of the MEP shown at (c). The silent period (d) is measured from the onset 
of the MEP, to the return of background EMG (e) (Wilson et al. 1993). 
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Several physiological variables, and thus the functional capacity of the corticospinal 
tract, can be assessed by examining the properties of the recorded MEP (Chen 2000; 
Hallett 2007; Kobayashi & Pascual-Leone 2003; Weber & Eisen 2002). These 
measures include:  
1. Latency, which represents corticospinal conduction time. 
2. Motor threshold (MT), which can be used to quantify corticospinal excitability. 
3. MEP amplitude, which is related to the strength of corticospinal projection onto 
the motor neuron pool. 
4. Duration of the silent period, which represents combined cortical and spinal 
inhibition. 
Motor threshold and MEP amplitude stimulus-response curves are particularly 
relevant when examining corticospinal responses induced by strength training 
interventions (Carroll, Riek & Carson 2001a). Motor threshold reflects the membrane 
excitability of interneurons projecting to the M1, as well as the excitability of the 
corticospinal tract and motor neurons innervating the target muscle (Kobayashi & 
Pascual-Leone 2003). Motor threshold can be determined while the muscle of interest 
is active (AMT) or resting (RMT). Active motor threshold is defined as the stimulus 
intensity required to produce an MEP amplitude greater than 200 μV in at least 50% 
of successive trials in a lightly contracted (2-10 % MVC) target muscle, while RMT 
requires and MEP amplitude greater than 50 μV (Carroll, Riek & Carson 2001a; 
Rogasch et al. 2009; Rossini et al. 1994; Rossini & Rossi 2007; Rothwell et al. 1999). 
An increase in MEP amplitude at AMT, or a reduction in the stimulus intensity 
required to evoke AMT indicates an increase in corticospinal excitability. Low level 
voluntary muscle contraction activates the neural pathway to the target muscle, 
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increasing the excitability of the corticospinal tract, decreasing the stimulus required 
to evoke MT. It is therefore essential that muscle activation be stringently controlled 
for within and between testing trials by ensuring the target muscle is at a consistent 
level of contraction (Curra et al. 2002).  
Changes in MEP amplitude at a given stimulus intensity are positively related to the 
excitability of the corticospinal tract and motor neuron pool innervating the muscle 
(Chen 2000; Curra et al. 2002; Weber & Eisen 2002). Considerable inter and intra-
trial variability of MEP amplitude exists due to factors such as muscle activation, 
alertness, coil position, angle and direction, thus to produce meaningful results these 
factors must be rigorously controlled and numerous MEP amplitudes must be averaged 
for each trial (Carroll, Riek & Carson 2001c; McDonnell & Ridding 2006; Weber & 
Eisen 2002). Peak-to-peak amplitude of MEP signals increase with stimulus intensity 
until a point of saturation is reached (Chen 2000; Darling, Wolf & Butler 2006; Hallett 
2007). A sigmoidal stimulus-response curve is constructed by plotting MEP amplitude 
against TMS intensity, with the peak slope and plateau of the curve depicting the 
physiological strength of corticospinal projections to the motor neuron pool 
controlling the target muscle (Carroll, Riek & Carson 2002; Devanne, Lavoie & 
Capaday 1997).  
While the majority of TMS studies examine the effect of stimulating the cM1, some 
studies have investigated changes in MEP amplitude of the iM1 following various 
interventions (Hess, Mills & Murray 1986; Hortobágyi et al. 2003; Muellbacher et al. 
2000; Perez & Cohen 2008; Stedman, Davey & Ellaway 1998; Tinazzi & Zanette 
1998). This typically involves single-pulse stimulation of the iM1 while moderate 
level contractions or movements are performed in the target muscle (Perez & Cohen 
2008). Quantifying differences in the strength of corticospinal projections from the 
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iM1 enables researchers to gain valuable information regarding the contribution of the 
iM1 during motor tasks, and provides evidence for interhemispheric communication 
between the two M1s (Carson 2005). 
2.3.3. Paired-pulse stimulation 
More recently, paired-pulse TMS protocols have been used to investigate a number of 
cortical properties that cannot be assessed with single-pulse stimulation alone (Reis et 
al. 2008). The application of a conditioning stimulus at a set interval prior to the test 
stimulus produces various inhibitory and facilitatory cortical responses, which have an 
effect on the resultant MEP amplitude (Wassermann 2008). The ability of the 
conditioning stimulus to inhibit (suppress) or facilitate (increase) the MEP amplitude 
is dependent on the intensity of the conditioning stimulus (i.e. subthreshold or 
suprathreshold), and the length of the interstimulus interval (ISI) (Kujirai et al. 1993; 
Reis et al. 2008; Wassermann 2008). Changes in the number and strength of inhibitory 
and facilitatory synapses within and between the motor cortices effect overall cortical 
output, and are strong candidates for potential mechanisms underpinning changes in 
function following both a-tDCS and strength training.  
Short-interval intracortical inhibition (SICI) following a paired-pulse TMS protocol 
was first reported in 1993 (Kujirai et al. 1993). A conditioning stimulus delivered 1-6 
ms prior to the regular testing stimulus was found to suppress the amplitude of the 
resulting MEP, with maximum inhibition occurring when the conditioning stimulus 
was delivered at a subthreshold intensity of approximately 70-80% of the 
predetermined resting MT (Kossev et al. 2003; Kujirai et al. 1993). Shorter ISI’s (≤ 1 
ms) are thought to inhibit D-waves, possibly due to axonal refractoriness, while longer 
ISI’s (3-5 ms) appear to inhibit I-waves via synaptic inhibition of local interneuron 
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circuits (Fisher et al. 2002; Hanajima et al. 2003). The presence of low level voluntary 
contraction causes a significant reduction in SICI, indicating that investigation of 
cortical inhibition via paired-pulse TMS is ideally performed in either resting 
conditions, or with close monitoring of background muscle activity during testing 
(Ridding, Taylor & Rothwell 1995). Most studies examining SICI have focused on the 
intrinsic muscles of the hand, where inhibition seems to be greatest, possibly due to 
the fine nature of motor performance (Ridding, Taylor & Rothwell 1995; Rothwell et 
al. 2009). However, SICI is also measurable in proximal arm muscles such as the 
biceps brachii (BB), flexor carpi radialis (FCR) and extensor carpi radialis (ECR) 
(Abbruzzese et al. 1999; Rantalainen et al. 2013; Shimizu et al. 1999). Intracortical 
facilitation (ICF) occurs when a conditioning stimulus is delivered 6-20 ms prior to a 
test stimulus, causing a net increase in cortical output (Kujirai et al. 1993, Ziemann, 
Rothwell & Ridding 1996). A detailed investigation into ICF and SICI found that they 
are likely to be mediated by different mechanisms, due to the higher intensity of 
conditioning stimulus required to obtain ICF (80% of predetermined MT or greater), 
and the observation that ICF is dependent on current direction, while SICI is not 
(Ziemann, Rothwell & Ridding 1996). It was concluded that separate populations of 
inhibitory and excitatory interneurons, most likely within the superficial layers of the 
M1, influence the net cortical output by acting either before or directly on to pyramidal 
cells (Ziemann, Rothwell & Ridding 1996). 
Interhemispheric inhibition (IHI) between the motor cortices was first reported in 
1992, when a conditioning stimulus delivered to one hemisphere inhibited the test 
response evoked from the opposite hemisphere (Ferbert et al. 1992). The authors 
reported that ISI’s of 5-6 ms or longer supressed MEP amplitude, regardless of whether 
the test muscle was in an active or resting condition (Ferbert et al. 1992). Since 
 37 
 
Hoffman reflexes (H-reflexes) and direct electrical stimulation were unaffected by the 
conditioning stimulus, it was concluded that inhibition occurred at a cortical level, 
most likely via the corpus callosum (Ferbert et al. 1992). Indeed, investigation of IHI 
in patients with abnormalities to the corpus callosum have reported that IHI is either 
reduced or not present, depending on the location and severity of callosal damage 
(Meyer et al. 1995). Initially, activation of the contralateral non-test muscle was found 
to increase the magnitude of inhibition, but only while the test muscle was at rest 
(Ferbert et al. 1992), while later studies have reported a reduction in IHI during 
unilateral contraction (Perez and Cohen 2008; Howatson et al. 2011) and following 
training of the non-test muscle (Hortobágyi et al. 2011). 
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2.4. Strength training 
Muscular strength refers to the physiological concept of producing maximal force 
through a single contraction against an external resistance (Enoka 1988; Knuttgen and 
Kraemer 1987). Muscular strength is an important characteristic in competitive 
athletes, but is also a vital physical attribute for all individuals, enabling optimal health 
and allowing full participation in the requirements and virtues of daily life (Kraemer 
et al. 2002). Strength training involves the repetitive contraction of skeletal muscle 
against an external resistive force, and is a well-established method for increasing 
muscular strength (Folland & Williams 2007). Strength training plays a crucial role in 
the treatment of conditions where muscle weakness compromises function, such as 
sarcopenia, neuromuscular disorders, injury, immobilisation and bed rest. Strength 
training also provides additional benefits for bone and metabolic health, blood 
pressure, and body composition (Bird, Tarpenning & Marino 2005; Folland & 
Williams 2007). The correct prescription of strength training involves consideration of 
a number of key training variables and principles. For example, guidelines to maximise 
gains in muscular strength suggest 3-5 sets of 3-8 repetitions, involving both eccentric 
and concentric phases of contraction, with 3-5 minute rest periods and a frequency of 
3-5 days per week (Bird, Tarpenning & Marino 2005). Strength gains are subject to 
the principle of specificity, which must be considered when determining both training 
and testing procedures (Bird, Tarpenning & Marino 2005; Folland & Williams 2007).  
2.4.1. Neuromuscular adaptations to strength training 
The increase in strength that is observed following consistent participation in strength 
training can be attributed to a combination of morphological and neurophysiological 
adaptations. Morphological adaptations such as hypertrophy, hyperplasia, myofibrillar 
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growth and proliferation have been well studied, with direct evidence to quantify such 
changes now widely available (see Folland & Williams 2007 for a detailed review). 
However, the early stages of strength training often produce large increases in 
performance without considerable changes in muscle size, which implicates the 
important role of the nervous system in the development of strength (Enoka 1988). 
Neurophysiological adaptations to strength training have been investigated using 
various methods, such as single motor unit recordings (Christie & Kamen 2010; 
Griffin et al. 2009), electrically evoked spinal reflexes such as the H-reflex and 
volitional wave (V-wave) (Aagaard et al. 2002, Fimland et al. 2009a), and more 
recently, single and paired-pulse TMS (Carroll, Riek & Carson 2002; Kidgell et al. 
2010; Weier, Pearce & Kidgell 2012). 
2.4.1.1. Single motor unit recordings 
Evidence for neural adaptations to strength training obtained from single motor unit 
recordings are relatively undisputed. Several studies have shown that an increase in 
motor unit discharge rate accompanies early strength gains following training (Christie 
& Kamen 2010; Kamen & Knight 2004; Patten, Kamen & Rowland 2001), however 
the poor association between the increases in discharge rate and strength suggests that 
other factors also contribute to strength gains (Carroll et al. 2011). The variability of 
discharge rate also appears to be influenced by strength training, with decreases in 
motor unit discharge rate variability accompanying early improvements in skilled 
force matching tasks and force steadiness (Kornatz, Christou & Enoka 2005; Griffin 
et al. 2009; Vila-Cha, Falla & Farina 2010). While early cross-sectional findings 
suggested correlated motor unit activity may be greater in strength trained athletes 
(Semmler & Nordstrom 1998), strength training interventions have demonstrated that 
motor unit synchronisation remains unchanged following strength training, and is 
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unlikely to contribute to early gains in strength (Griffin et al. 2009; Kidgell, Sale & 
Semmler 2006). 
 2.4.1.2. Spinal reflex studies 
Testing of the H-reflex following strength training programs has generated less 
conclusive findings, which is likely to be driven by differences in testing methodology 
and data analysis techniques (Carroll et al. 2011). The H-reflex is commonly utilised 
to quantify the efficacy of the 1a afferent motor neuron pathway, indicating 
adaptations in spinal cord circuitry following strength training (Carroll et al. 2011; 
Palmieri, Ingersoll & Hoffman 2004; Zehr 2002). No changes in the H-reflex 
following strength training have been observed when the stimulation is delivered to 
resting muscle (Aagaard et al. 2002; Del Balso & Cafarelli 2007; Duclay et al. 2008; 
Ekblom 2010; Fimland et al. 2009a; Holtermann et al. 2007; Scaglioni et al. 2002; 
Schubert et al. 2008). Testing of active muscle has produced some evidence for 
increases in motor neuron excitability induced by strength training (Aagaard et al. 
2002; Duclay et al. 2008; Holtermann et al. 2007; Lagerquist, Zehr & Docherty 2006), 
however other studies have failed to duplicate these findings, demonstrating no change 
in the H-reflex following training (Beck et al. 2007; Del Balso & Cafarelli 2007; 
Ekblom 2010; Fimland et al. 2009). Since corticospinal and afferent input also affects 
motor neuron excitability, it is important to note that changes in the H-reflex cannot 
be attributed exclusively to spinal mechanisms, and may be influenced by neuroplastic 
changes in higher cortical structures (Lundbye-Jensen & Nielsen 2008; Palmieri, 
Ingersoll & Hoffman 2004; Zehr 2002).  
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 2.4.1.3. Transcranial magnetic stimulation studies 
Studies utilising TMS to directly assess changes in excitability of the corticospinal 
tract following strength training programs have also produced mixed results. Whilst 
several studies have shown increases in corticospinal excitability to accompany 
strength gains (Beck et al. 2007; Goodwill, Pearce & Kidgell 2012; Griffin & Cafarelli 
2007; Kidgell et al. 2010; Kidgell, Stokes & Pearce 2011; Weier, Pearce & Kidgell 
2012), others have reported no change (Kidgell & Pearce 2010; Latella, Kidgell & 
Pearce 2012), or decreases in excitability (Carroll, Riek & Carson 2002; Jensen, 
Marstrand & Nielsen 2005). Corticospinal responses to strength training appear to vary 
based on the muscle group studied, properties of the muscle during testing (resting or 
active), and in particular, the complexity of the training task (Carroll et al. 2011). 
Recent studies employing complex training programs requiring skilful muscular 
control, high loads and externally paced (metronome guided) contraction timing, have 
consistently observed increases in the amplitude of TMS induced MEPs following 
training (Kidgell et al. 2010; Kidgell, Stokes & Pearce 2011; Goodwill, Pearce and 
Kidgell 2012; Weier, Pearce & Kidgell 2012). Additionally, there is evidence that 
strength training programs requiring greater attentional demand and proprioceptive 
feedback lead to a reduction in SICI (Goodwill, Pearce & Kidgell 2012; Weier, Pearce 
& Kidgell 2012), and a decrease in silent period duration (Christie & Kamen 2014; 
Latella, Kidgell & Pearce 2012; Kidgell & Pearce 2010) which is likely to contribute 
to an overall increase in excitatory drive reaching the muscle of interest. Several 
authors have suggested that increases in corticospinal excitability following strength 
training can be attributed to an increase in the number and strength of excitatory 
synapses contributing to the descending corticospinal volley that activates the spinal 
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motor neuron pool, resulting in greater levels of motor unit recruitment (Adkins et al. 
2006; Beck et al. 2007; Griffin & Cafarelli 2007; Kidgell et al. 2010).  
Interestingly, the nature of use-dependent M1 neuroplasticity observed following 
strength training is similar in nature to the neuroplasticity induced by motor skill 
training (Sanes & Donoghue 2000). This has added to the growing tendency to view 
heavy load strength training as a form of motor skill training, particularly when the 
program is designed to maximise attentional demand and sensorimotor feedback 
(Carroll et al. 2001; Carroll, Riek & Carson 2001b; Kidgell et al. 2010; Weier, Pearce 
& Kidgell 2012). For example, in order to produce maximal force output during 
training, development of co-ordinated muscle recruitment patterns is required (Carroll, 
Riek & Carson 2001b, Carroll et al. 2001). While experimentally-induced 
neuroplasticity delivered via non-invasive brain stimulation techniques is more 
frequently combined with motor skill practice in an effort to augment the resulting M1 
neuroplasticity (Bastani & Jaberzadeh 2012), the effect of applying such techniques 
during strength training has not been investigated. In addition, both strength and skill 
training exhibit the phenomenon of cross-education, which describes the transfer of 
performance gains from the trained limb to the untrained limb when unilateral practice 
is performed, and will be explored in further detail in the following section. 
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2.5. Cross-education 
The phenomenon of cross-education was first observed in 1894, when unilateral 
strength training of a single limb was found to increase the strength of the untrained 
contralateral limb (Scripture, Smith & Brown 1894). Since its discovery, numerous 
studies have provided evidence to support the existence of cross-education (Brown, 
McCartney & Sale 1990; Cannon & Cafarelli 1987; Lee, Gandevia & Carroll 2009; 
Munn et al. 2005; Shaver 1975). A meta-analysis reviewing a variety of training 
protocols suggest that the average increase in strength of the untrained limb is 
approximately 7.6% (Carroll et al. 2006). Due to a lack of hypertrophy in the untrained 
limb (Farthing, Chilibeck & Binsted 2005; Ploutz et al. 1994), along with reports of 
increased corticospinal excitability (Goodwill, Pearce & Kidgell 2012; Kidgell, Stokes 
& Pearce 2011) and voluntary activation (Lee, Gandevia & Carroll 2009), cross-
education is believed to occur as a result of neurophysiological adaptations. While 
direct evidence to substantiate such claims is increasing, the exact mechanisms and 
specific neural sites responsible for the cross-education of strength remain somewhat 
unresolved (Carroll et al. 2006; Ruddy & Carson 2013). Cross-education has recently 
gained scientific interest due to its potential to minimise strength loss and enhance 
recovery in patients that are unable to perform training due to single limb injury or 
impairment (Farthing & Zehr 2014; Ruddy & Carson 2013). Unilateral training of the 
free limb has been found to maintain strength and function of the contralateral limb 
following periods of immobilisation (Farthing, Krentz & Magnus 2009; Magnus et al. 
2010; Pearce et al. 2012) and fracture (Magnus et al. 2013). Given the clinical 
relevance of cross-education, it is logical to investigate the possibility of maximising 
the magnitude of strength gain in the untrained limb in order to attain greater 
therapeutic benefits. 
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2.5.1. Evidence for cross-education 
A variety of training protocols have been found to elicit cross-education, including 
heavy load voluntary contractions (Goodwill, Pearce & Kidgell 2012; Hortobágyi, 
Lambert & Hill 1997; Latella, Kidgell & Pearce 2012; Munn et al. 2005), ballistic 
motor tasks (Carroll et al. 2008; Hinder, Carroll & Summers 2013; Lee et al. 2010), 
electrically stimulated contractions (Hortobágyi et al. 1999; Zhou, Oakman & Davie 
2002) and imagined muscular contractions (Yue & Cole 1992). The magnitude of 
cross-education observed in research studies to date is highly variable, with differences 
in training protocols likely to be the primary cause of such variability. There is also 
some evidence to suggest that limb dominance may influence cross-education 
(Farthing, Chilibeck & Binsted 2005), indicating that handedness should be considered 
when conducting randomised controlled trials. Eccentric training appears to produce 
greater magnitudes of cross-education than concentric or isometric training, with 
largest strength gains observed when the muscle action (eccentric, concentric or 
isometric) used in strength testing is specific to the muscle action performed in 
training. This suggests that increased afferent feedback during eccentric contractions 
may be largely responsible for the greater magnitude of cross-education (Hortobágyi, 
Lambert & Hill 1997). Similarly, training protocols involving electrically stimulated 
contractions, which increases activation of large motor units, appear to elicit greater 
cross-education than voluntary contractions (Hortobágyi et al. 1999). However, this 
benefit is only present when strength testing is performed with electrical stimulation, 
and does not appear to affect voluntary strength, which provides little advantage when 
considering gains in function or translation to clinical outcomes (Hortobágyi et al. 
1999; Zhou, Oakman & Davie 2002). The use of externally paced training with an 
audible metronome may also contribute to a larger magnitude of cross-education, due 
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to the greater requirement for a controlled and skilful movement pattern resulting in 
enhanced use-dependent neuroplasticity (Ackerley, Stinear & Byblow 2011; Perez & 
Cohen 2008). While the comparison of externally and self-paced training has not been 
specifically tested, one recent study reported a large degree of cross-education (35% 
gain in the untrained limb) following an externally paced training protocol, despite 
having no restriction on contraction timing during testing (Goodwill, Pearce & Kidgell 
2012). Given the potential for cross-education to enhance rehabilitation outcomes 
following single limb injury (Farthing & Zehr 2014; Magnus et al. 2013), it remains 
to be seen if non-invasive brain stimulation paradigms can augment the cross-
education of strength. 
2.5.2. Mechanisms underpinning cross-education 
The sites of adaptation that may be involved in cross-education can be broadly 
categorised into muscular, spinal, or cortical. The following sections critically examine 
the current literature for each category of prospective mechanisms. 
2.5.2.1. Muscular mechanisms 
It is widely accepted that strength training programs produce adaptations in peripheral 
muscle such as hypertrophy, increased enzyme concentration and composition of 
contractile proteins, which contribute to increases in strength observed in the trained 
muscle (Abernethy et al. 1994). However, most studies to date have not identified 
significant peripheral muscle adaptations in the contralateral untrained limb, 
suggesting that muscular mechanisms are unlikely to play a major role in the cross-
education of strength (Hortobágyi et al. 1996; Houston et al. 1983). While this 
indicates that adaptations occur predominately in cortical and spinal regions, minor 
 46 
 
peripheral adaptations cannot be ruled out, as methods used to investigate such 
properties lack sensitivity (Carroll et al. 2006). 
2.5.2.2. Spinal mechanisms 
As discussed in section 2.4.1 (page 37), there is some evidence to suggest that 
adaptations in spinal circuitry occur following strength training, however current 
techniques are unable to elucidate specific spinal pathways that may be involved, and 
cannot differentiate contributions from higher cortical input (Aagaard et al. 2002; 
Carroll et al. 2006; Carroll et al. 2011). The majority of the literature investigating the 
effect of strength training on H-reflexes have not investigated the untrained limb, and 
as a result, evidence for the contribution of spinal mechanisms in cross-education is 
limited. To our knowledge, all studies examining spinal reflexes following unilateral 
training have reported no significant change in the maximal H-reflex of the untrained 
limb, despite observing cross-education of strength and using sound testing procedures 
(Dragert & Zehr 2011; Fimland et al. 2009b; Lagerquist, Zehr & Docherty 2006). One 
study observed a significant increase in the V-wave of the untrained limb 
accompanying cross-education of strength (Fimland et al. 2009b), however this 
finding is yet to be replicated. It has also been noted that such changes may be 
influenced by increased supraspinal drive (Carroll et al. 2011).  
The potential for uncrossed corticospinal fibres contributing to cross-education of 
strength have also been considered (Jankowska & Edgley 2006). It is well known that 
a small portion (approximately 10-15%) of corticospinal fibres do not decussate at the 
medulla, providing a potential pathway for cortical output from the cM1 to influence 
motor activity in the untrained limb (see Figure 2.4, page 49). It was previously 
believed that the uncrossed corticospinal fibres innervate axial muscles only, and were 
therefore considered unlikely contributors in cross-education (Nathan, Smith & 
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Deacon 1990). More recently, speculation that uncrossed corticospinal fibres may 
have the potential to innervate distal limb muscles in stroke patients, particularly when 
re-establishing movement (Cauraugh & Summers 2005; Jankowska & Edgley 2006; 
Strens et al. 2003), however this is yet to be confirmed by direct evidence.  
Overall, these findings indicate that factors mediating cross-education appear to occur 
predominantly at the cortical level, although contributions from spinal and muscular 
adaptations cannot be ruled out. 
2.5.2.3. Cortical mechanisms 
A recent review article has presented evidence for two theoretical models of cortical 
plasticity that may contribute to cross-education of strength (see Ruddy & Carson 2013 
for detailed review). The ‘bilateral-access’ hypothesis involves the development of 
motor engrams following unilateral practice, that can be accessed not only by the 
trained limb, but also by the untrained limb. The ‘cross-activation’ hypothesis is based 
on the concept of unilateral contractions being driven by bilateral cortical activity in 
both the cM1 and the iM1, producing lasting neuroplasticity in both cortices. Figure 
2.3 provides a visual representation of the two models. Both hypotheses, which may 
not be mutually exclusive, implicate the importance of the iM1 in mediating the cross-
education of strength, with distinction between the two models likely to be task 
dependent (Lee et al. 2010; Ruddy & Carson 2013). The review concluded that based 
on presently available literature, tasks requiring increased effort (such as strength 
training) are likely to be mediated by cross-activation, while the bilateral-access model 
may underpin transfer in tasks requiring complex sequencing or sensorimotor 
integration (Lee et al. 2010; Ruddy & Carson 2013). As such, our review will focus 
primarily on the mechanisms underpinning cross-activation. 
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Figure 2.3. Theoretical models underpinning cross-education. 
(Ai) illustrates the hypothesis that engrams elaborated during unilateral motor training 
are established in brain centers that are accessible to the motor networks of both the 
trained and untrained limbs. (Aii) represents the ‘bilateral-access’ hypothesis, whereby 
training related adaptations are lateralised to motor networks projecting to the trained 
limb, and are accessible also to motor networks projecting to the untrained limb via 
callosal transfer. (B) represents the “cross-activation” hypothesis, whereby activation 
of the homologous motor network during unilateral training gives rise to bilateral 
adaptations that facilitate subsequent performance by the untrained limb. The “X” 
represents the putative locus of training related adaptations. White circles indicate 
lateralised motor networks in their entirety. Solid arrows represent processes that occur 
during unilateral training. Dashed arrows represent processes that are specific to the 
subsequent transfer phase during which movements are generated by the untrained 
limb (Ruddy & Carson 2013, adapted from Lee et al. 2010) 
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Crucial to the cross-activation hypothesis are the early observations of a concept 
termed ‘motor irradiation’ (Figure 2.4), which describes the spill-over of unintended 
motor activity to the resting limb during forceful unilateral contractions, sometimes 
resulting in mirror movements and increased background EMG (Cernacek 1961; 
Hellebrandt 1951; Todor & Lazarus 1986). While motor irradiation appears to be an 
obvious candidate for inducing training related adaptations in the untrained limb, 
activity in the resting muscle is much lower than what would typically be required to 
elicit strength gains. Indeed cross-education has been demonstrated to occur in the 
absence of mirror movements or significant increase in EMG (Carson 2005; Goodwill, 
Pearce & Kidgell 2012; Hortobágyi et al. 2011). Technological advances have allowed 
for more detailed investigation in to the origin of motor irradiation, with early TMS 
studies revealing an increase in corticospinal excitability of the iM1 during moderate 
to strong unilateral contractions (Muellbacher et al. 2000; Stedman, Davey & Ellaway 
1998; Stinear, Walker & Byblow 2001). It is now widely accepted that cross-activation 
of the iM1, rather than the resulting motor irradiation, is likely to mediate cross-
education.  
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Figure 2.4. Visual representation of motor irradiation (Hendy, Spittle & Kidgell 
2012). 
Pathways for intended (solid black line) and unintended (dotted grey line) motor output 
from the motor cortex to the limbs. (a) represents interhemispheric communication 
between the right and left motor cortex via the corpus callosum, producing cross-
activation of the iM1 during unilateral muscle activity. (b) represents uncrossed 
corticospinal fibres that may innervate distal muscles.  
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More recently, a reduction of SICI within the iM1 (Perez & Cohen 2008) and decreases 
in IHI from the cM1 to the iM1 have also been reported during unilateral contractions 
(Howatson et al. 2011). The magnitude of cross-activation appears to be dependent on 
the magnitude of descending drive directed to the moving limb (Carson 2005; 
Cernacek 1961; Perez & Cohen 2008), and also appears to be greater during eccentric 
contractions (Howatson et al. 2011). This corresponds well with the majority of cross-
education literature, where the magnitude of strength transfer is related to strength gain 
in the trained limb (Zhou 2000; Carroll et al. 2006), and is greater following eccentric 
contractions (Hortobágyi, Lambert & Hill 1997). Neuro-imaging studies have also 
provided data to support the concept of cross-activation, demonstrating an increase in 
blood flow and activity of the iM1 during forceful unilateral contractions (Kobayashi 
et al. 2003; van Duinen et al. 2008), however this activity may also extend beyond the 
iM1, including areas such as the supplementary motor area, cingulate motor area and 
prefrontal cortex (Dettmers et al. 1995; Farthing et al. 2007; Kawashima et al. 1993).  
Unilateral contractions do not appear to produce an increase in amplitude of MEPs 
induced at the cervicomedullary junction (cMEPs) or the H-reflex (Carson et al. 2004; 
Hortobágyi et al. 2003), suggesting that the pathways for cross-activation are likely to 
be of cortical origin, rather than subcortical or spinal. The corpus callosum provides 
an anatomical pathway between the two hemispheres, and appears to be the most likely 
neural structure mediating cross-activation. However, in a number of cases, patients 
with callosal agenesis have displayed significant level of cross-activation (Meyer et al. 
1995; Ziemann et al. 1999), suggesting that cross-activation may occur via other 
pathways when required. 
Importantly, longer lasting adaptive changes in the iM1 have been demonstrated 
following short to moderate term (3-12 weeks) unilateral strength training studies 
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(Goodwill, Pearce & Kidgell 2012; Kidgell, Stokes & Pearce 2011; Hortobágyi et al. 
2011; Latella, Kidgell & Pearce 2012; Lee, Gandevia & Carroll 2009). Increases in 
corticospinal excitability (Goodwill, Pearce & Kidgell 2012; Hortobágyi et al. 2011; 
Kidgell, Stokes & Pearce 2011) and voluntary activation (Lee, Gandevia & Carroll 
2009) of the untrained limb, along with a release of iM1 SICI (Goodwill, Pearce & 
Kidgell 2012) and a reduction in silent period duration (Latella, Kidgell & Pearce 
2012), have been reported several days after the completion of strength training 
programs. One study found a strong relationship between strength gain in the untrained 
limb and reduced IHI from the cM1 to the iM1, providing further evidence that 
adaptive changes occur at a cortical level, most likely via transcallosal pathways 
(Hortobágyi et al. 2011). A number of studies examining repeated practice of ballistic 
motor tasks have also demonstrated an increase in iM1 excitability together with 
performance improvements in the untrained limb (Carroll et al. 2008; Hinder, Carroll 
& Summers 2013; Lee et al. 2010; Poh, Riek & Carroll 2013). Of particular interest, 
when rTMS was utilised to create a ‘lesion’ in the iM1 following ballistic motor 
practice, it was reported that disruption of the iM1 abolished both excitability and 
performance gains in the untrained limb (Lee et al. 2010). When rTMS was applied to 
the cM1, excitability and performance gains in the trained limb were abolished, 
without significant effect on the untrained limb (Lee et al. 2010). The authors 
concluded that the iM1, and not the cM1, was primarily responsible for the early stages 
of transfer, supporting the cross-activation hypothesis (Lee et al. 2010). Whilst this 
directly implicates use-dependent plasticity in the iM1 mediating cross-education, no 
attempts to facilitate this process via a-tDCS of the iM1 have been made.  
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2.6. Transcranial direct current stimulation  
The application of tDCS to the M1 has recently emerged as a popular non-invasive 
brain stimulation technique, with a particular focus on the clinical efficacy of tDCS to 
assist with the treatment of movement conditions such as paresis resulting from stroke 
(Nitsche et al. 2008). The cost-effective treatment is simple to administer, painless, 
with minimal side effects and is usually imperceptible during application, allowing for 
effective double blinding during experiments (Nitsche et al. 2008; Palm et al. 2013). 
Electrical current is typically delivered through saline soaked electrodes secured above 
the area of interest on the M1 at intensities of approximately 1-2 mA, for periods of 2-
15 minutes (Nitsche et al. 2008; Wassermann 2008). The location of the electrodes 
and the direction of current flow determines the effect on underlying neural tissue, 
with a-tDCS producing an increase in cortical excitability, and c-tDCS resulting in a 
reduction in cortical excitability (Nitsche & Paulus 2000). Short periods of stimulation 
produce immediate effects on corticospinal excitability, and as stimulation duration 
increases, both anodal and cathodal tDCS has been shown to produce after effects 
lasting up to 90 mins (Fricke et al. 2011; Nitsche & Paulus 2001). These temporary 
adaptations in neurophysiological function appear to correspond with transient effects 
in motor behaviours, including performance of skill and strength tasks (Fregni et al. 
2006; Hummel et al. 2005).  
2.6.1. tDCS and experimentally-induced neuroplasticity 
Current evidence indicates that the immediate and longer lasting effects of tDCS are 
mediated by different neurophysiological mechanisms (Nitsche et al. 2005; 
Wassermann 2008). It is believed excitability changes reported during stimulation are 
a result of changes in the resting membrane potential of local neurons, influencing the 
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immediate likelihood of depolarisation (Nitsche et al. 2003a; Nitsche et al. 2005, 
Purpura & McMurty 1965). An early animal study demonstrated that anodal 
stimulation acts to lower the resting potential of cortical neurons, while cathodal 
stimulation causes neurons to hyperpolarise (Purpura & McMurtry 1965). More 
recently, pharmacological intervention has provided support for this concept, with the 
excitability enhancing effects of a-tDCS becoming diminished or completely 
abolished following the administration of voltage dependent sodium and calcium 
channel blockers such as carbamazepine and flunarizine (Nitsche et al. 2003a).  
In contrast, changes in corticospinal excitability that outlast the stimulation period are 
believed to be a result of changes in synaptic efficacy (Nitsche et al. 2005). Some 
studies have highlighted similarities between the lasting effects of a-tDCS and LTP, 
which involves the chemical strengthening of synapses to mediate the development of 
memory and learning (Malenka & Nicoll 1999; Nitsche & Paulus 2000). Long term 
potentiation is believed to be mediated by strengthening of synaptic transmissions due 
to an increase in the number and sensitivity of glutamate receptors (such as NMDA) 
in the post synaptic membrane (see Malenka & Bear 2004 for detailed review). 
Pharmacological interventions investigating the effect of NMDA receptor agonists and 
antagonists have been used to identify possible synaptic mechanisms that may be 
influenced by a-tDCS and c-tDCS (Wassermann 2008). The NMDA receptor 
antagonist dextromethorphane has been found to completely inhibit the after effects of 
tDCS applied for 5 minutes at 1 mA, regardless of the polarity of stimulation 
(Liebetanz et al. 2002; Nitsche et al. 2003a). Other studies have also noted that 
dextromethorphane does not affect the immediate polarity dependent changes in 
corticospinal excitability that occur during tDCS (Nitsche et al. 2004a; Ziemann 2004). 
NMDA receptor agonists D-Cycloserine and amfetaminil have been shown to prolong 
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the after effects of tDCS, providing further evidence for the role of NMDA receptors 
in mediating longer lasting synaptic efficacy following tDCS (Nitsche et al. 2004a; 
Nitsche et al. 2004b). Finally, studies utilising TES have provided an additional line 
of evidence to suggest that changes in synaptic activity are likely to be confined to 
interneurons within the M1, as signals elicited by electrical stimulation do not appear 
to be altered following long duration tDCS (Nitsche et al. 2003b; Nitsche & Paulus 
2001). Given that TES is known to stimulate corticospinal neurons directly, bypassing 
the synapses of interneurons (Edgley et al. 1990; Wassermann 2008), these findings 
suggest that the after effects of tDCS are directly dependent on intracortical synaptic 
plasticity.  
2.6.2. tDCS and motor performance 
In recent years, literature investigating the effects of tDCS on motor performance has 
been growing rapidly. Since improvements in motor performance are associated with 
increased corticospinal excitability, most research in healthy individuals has utilised 
a-tDCS (Bastani & Jaberzadeh 2012), however c-tDCS may also be useful for up-
regulating performance in cases where interhemispheric interactions affect movement, 
such as stroke (Bradnam et al. 2010; McCambridge et al. 2011). Application of a-tDCS 
to enhance skilled manipulation of the hand and digits in populations suffering mild 
or moderate motor deficit appears to be most effective and popular (Bastani & 
Jaberzadeh 2012; Hummel et al. 2010), however performance improvements in a range 
of motor tasks have also been reported in healthy individuals (Boggio et al. 2006; 
Cogiamanian et al. 2007; Kidgell et al. 2013; Tanaka et al. 2009). 
Studies examining the effect of tDCS on muscular strength are limited. Large increases 
in lower limb MVC have been reported during a-tDCS delivered at 2 mA, with strength 
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increases outlasting the stimulation period for up to 30 mins (Tanaka et al. 2009). 
Similarly, 20 minutes of a-tDCS at 1 mA produced a significant increase in 
performance on the Jebsen Taylor hand function test, including increased grip force of 
the non-dominant hand (Boggio et al. 2006). These findings have been replicated in 
patients with hemiparetic stroke (Hummel et al. 2006; Tanaka et al. 2011), however 
studies investigating individuals with severe motor deficits should be considered with 
a degree of caution when attempting to relate to strength gain in high functioning 
healthy individuals. Another study investigating the elbow flexors found no change in 
MVC, but reported an increase in muscular endurance following a-tDCS delivered at 
1.5 mA for 10 minutes (Cogiamanian et al. 2007). Supporting this, a recent study 
demonstrated a 31% increase in time to failure of a submaximal endurance task when 
a-tDCS was applied to the cM1 during the muscle contraction, however no significant 
change in time to failure was reported when task duration extended beyond the 20 
minute application of a-tDCS (Williams, Hoffman & Clark 2013). However, other 
investigations have failed to replicate these findings, reporting no significant change 
in time to failure of a submaximal endurance task following 2 mA of a-tDCS delivered 
for 10 minuntes (Kan, Dundas & Nosaka 2013; Muthalib et al. 2013). It is postulated 
that a ceiling-like effect may be preventing significant performance benefits in some 
cases (Boggio et al. 2006; Kan, Dundas & Nosaka 2013). At this point, the limited 
number of studies available and lack of consistent results suggests that further 
investigation is required to determine the potential for a-tDCS to enhance muscular 
strength and the optimal parameters needed to maximise such effects (Banissy & 
Muggleton 2013). 
There is some evidence that improvements in motor performance are greater when a-
tDCS is combined with concurrent motor practice (Kidgell et al. 2013; Parikh & Cole 
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2014; Stagg et al. 2011). When this was investigated directly, the application of a-
tDCS during motor training was found to benefit performance, while application of a-
tDCS prior to practice failed to produce a significant effect (Stagg et al. 2011). 
Investigations in stroke patients also reported greater performance outcomes following 
physical therapy combined with a-tDCS (Bolognini et al. 2011; Madhavan, Weber & 
Stinear 2011). Importantly, some of these studies have also examined changes in 
corticospinal excitability, suggesting that a-tDCS may extend the duration of 
corticospinal modulation following robotic wrist therapy (Edwards et al. 2009), and 
improvements in motor function correlate with increased MEP amplitude and 
decreased IHI (Bolognini et al. 2011). 
While most studies have investigated functional improvements following single 
sessions of a-tDCS (Boggio et al. 2006; Hummel et al. 2010; Hummel et al. 2005; 
Fregni et al. 2005), there is less evidence to describe the cumulative effects of repeated 
a-tDCS sessions. One study demonstrated that five daily sessions of c-tDCS applied 
to the unaffected hemisphere in stroke patients enhanced motor performance of the 
affected limb for up to two weeks (Boggio et al. 2007). The same study also examined 
the effect of four sessions carried out once per week, and found the separate application 
of both a-tDCS and c-tDCS to have an immediate effect after each session, without a 
significant cumulative effect, suggesting that the sessions may need to be applied more 
frequently to produce longer lasting effects (Boggio et al. 2007). In addition to these 
findings, a-tDCS has been applied over multiple days during motor learning tasks, with 
significant increase in motor performance when compared with sham-tDCS for the 
same period (Reis et al. 2009). This study also demonstrated that performance benefits 
were retained for up to 3 months following the intervention (Reis et al. 2009).  
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At present, the application of tDCS in conjunction with strength training programs has 
not been thoroughly investigated. Considering the current evidence for acute 
improvements in muscular strength and endurance following single sessions of tDCS 
(Cogiamanian et al. 2007; Tanaka et al. 2011), alongside reports of cumulative effects 
following repeated sessions of tDCS (Reis et al. 2009) and favourable outcomes 
following concurrent a-tDCS and motor practice (Stagg et al. 2011), further 
investigation into the effects of combined a-tDCS and strength training is well 
justified. Furthermore, the potential for exploiting the cross-education of strength via 
application of a-tDCS to the iM1 during unilateral strength training has not been 
examined.  
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2.7. Summary 
The early improvements in strength following periods of training are believed to be 
driven by neurological adaptations, including use-dependent neuroplasticity of the 
cM1. The cross-education of strength following unilateral training appears to be 
mediated by similar changes in the iM1, and provides a unique opportunity to enhance 
muscular strength without direct training of the muscle. Recently, there has been 
growing evidence to suggest that a-tDCS may produce short term improvements in 
motor function, driven by experimentally-induced neuroplasticity in the stimulated 
M1. Despite the similarities in use-dependent neuroplasticity reported following 
strength training and experimentally-induced neuroplasticity reported following a-
tDCS, there have been no attempts to combine tDCS with strength training programs 
in order to enhance either maximal strength gain, or cross-education of strength. This 
thesis addressed the gaps in current literature by examining the combined application 
of a-tDCS and unilateral strength training on M1 neuroplasticity and functional 
strength gain in both the trained and untrained limb. 
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CHAPTER THREE: STUDY ONE 
Anodal tDCS applied during strength training enhances motor cortical plasticity 
Adapted from: Hendy, AM & Kidgell, DJ 2013, ‘Anodal tDCS applied during strength 
training enhances motor cortical plasticity’, Medicine and Science in Sports and 
Exercise, vol. 45, no. 9, pp. 1721-29. 
Abstract 
Aim: To assess changes in voluntary dynamic strength and corticospinal 
neuroplasticity when a-tDCS is applied to the cM1 during strength training sessions 
across a three week program for the wrist extensors. Methods: 30 right-handed 
participants were randomly allocated to either the ST + a-tDCS, ST + sham, or control 
group. Participants performed three weeks strength training of the right wrist extensors 
(4 x 6-8 repetitions at 70% 1RM), with 20 minutes of a-tDCS (2 mA) or sham tDCS 
applied to the cM1 during training. Outcome measures included 1RM wrist extension 
strength, muscle thickness, corticospinal excitability, SICI, and silent period duration. 
Results: 1RM strength increased in both the ST + a-tDCS and ST + sham groups 
(14.89% and 11.17%, respectively, both p < 0.01). There was no difference in strength 
gain between the two groups (p = 0.23) and no change in muscle thickness (p = 0.15). 
The ST + a-tDCS group demonstrated an increase in MEP amplitude at 15%, 20%, 
and 25% above AMT, which was accompanied by a decrease in SICI during 50% and 
20% MVC (all p < 0.05). Conclusion: The application of a-tDCS to the cM1 during 
strength training of the wrist extensors did not produce additional strength gains when 
compared to strength training with sham-tDCS. However, strength training with a-
tDCS appeared to modulate nueroplasticity via increased corticospinal excitability and 
decreased SICI, which did not occur following strength training with sham-tDCS. 
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3.1. Introduction 
The application of tDCS to the M1 is growing in popularity due to its ability to 
modulate experimentally-induced neuroplasticity in a safe, cost-effective manner, with 
minimal side-effects (Nitsche et al. 2008). The immediate effects of tDCS on 
corticospinal excitability are believed to be caused by changes in the resting membrane 
potential of cortical neurons (Nitsche et al. 2003a; Purpura & McMurty 1965), while 
longer duration stimulation appears to alter synaptic efficacy in a similar fashion to 
LTP, lasting for up to 90 minutes (Fricke et al. 2011; Liebetanz et al. 2002). Temporary 
changes in corticospinal excitability following tDCS correspond with transient effects 
in motor function, which includes short term increases in muscular strength (Tanaka 
et al. 2009) and endurance (Cogiamanian et al. 2007). While the majority of research 
investigating tDCS and motor function have focused on populations with motor 
deficits or impairments, healthy individuals also appear to benefit (Boggio et al. 2006; 
Kidgell et al. 2013), especially when a-tDCS is combined with concurrent motor 
practice (Stagg et al. 2011). There is evidence that repeated sessions of tDCS may 
produce a cumulative effect on neuroplasticity and performance (Boggio et al. 2007; 
Reis et al. 2009), however the efficacy of applying a-tDCS during short term strength 
training programs to maximise neural adaptations and strength gain has not been 
examined. 
The effect of strength training on corticospinal excitability has traditionally produced 
somewhat variable results (see Carroll et al. 2011 for detailed review), and appears to 
be dependent on the muscle group, testing protocol, and attentional demands of the 
training task. Recently, strength training programs requiring a high degree of muscular 
control, heavy loads and externally paced contraction timing have demonstrated 
increases in corticospinal excitability and reductions in cortical inhibition of the cM1 
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accompanying large gains in strength (Goodwill, Pearce & Kidgell 2012; Kidgell et 
al. 2010; Weier, Pearce & Kidgell 2012). These findings provide evidence that 
appropriately prescribed short duration strength training programs promote use-
dependent neuroplasticity in the cM1 and corticospinal pathway of untrained 
individuals. Interestingly, these reports of neuroplastic adaptations following strength 
training programs appear similar in nature to the experimentally-induced increases in 
excitability and reductions in SICI that occur following a-tDCS (Nitsche & Paulus 
2000; Nitsche et al. 2005) 
Despite the evidence for short term increases in strength following a-tDCS, and the 
similarities in M1 neuroplasticity observed following both strength training and a-
tDCS, the potential for producing a compounding effect on both strength gain and 
neuroplasticity by combining these two procedures has not been fully investigated. 
Therefore, the purpose of this study was to assess the effect of a-tDCS on functional 
strength and M1 plasticity when applied during training sessions throughout a three 
week, externally paced unilateral strength training program for the wrist extensors. 
Specifically, we sought to quantify the effects of strength training during a-tDCS of 
the cM1 on corticospinal excitability, inhibition, and performance of 1RM, when 
compared to strength training with sham-tDCS. It was hypothesised that the 
application of a-tDCS to the cM1 during strength training would promote an additional 
increase in strength, greater increases in corticospinal excitability and larger reductions 
in SICI and silent period duration than strength training with sham-tDCS.  
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3.2. Methods 
Many of the methodological procedures outlined in this chapter are identical or similar 
to methods outlined in the following experimental chapters. To minimise the repetition 
of information, the reader may be re-directed to sections in this chapter for full details. 
3.2.1. Participants 
A total of 30 participants aged between 18 and 35 years were selected on a voluntary 
basis. Participant details are provided in Table 3.1. All participants provided written 
informed consent prior to participation in the study, which was approved by the Deakin 
University Human Research Ethics Committee, and was conducted according to the 
standards established by the Declaration of Helsinki. Participants were right hand 
dominant, as determined by a score of > 80 on the Edinburgh Handedness Inventory. 
All participants were free from any known history of peripheral or neurological 
impairment, and had not participated in strength training of the upper body for a 
minimum of 12 months prior to participation. Copies of the participant information, 
handedness and TMS safety screening questionnaires can be found in the appendices 
(page 190).
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Table 3.1. Participant details (mean ± SD).  
 
 
 
Mmax and AMT are expressed as the average for each group across both pre and post testing sessions. N: number, SO: stimulator output.
Group N Age (yrs) Sex   M        F Height (cm) Weight (kg) Mmax (mV) AMT (%SO) 
Control 10 24.4 ± 3.2 7 3 175.6 ± 5.4 73.9 ± 8.6 15.4 ± 1.9 33.1 ± 5.1 
ST + sham 10 25.7 ± 4.8 5 5 173.4 ± 6.6 64.3 ± 8.6 18.2 ± 5.4 32.8 ± 6.0 
ST + a-tDCS 10 21.8 ± 2.2 6 4 173.9 ± 8.2 68.1 ± 9.2 16.5 ± 4.4 29.3 ± 4.4 
 65 
 
3.2.2. Organisation of the study 
Figure 3.1 outlines the organisation of the study. Once recruited, participants were 
required to attend a familiarisation session to introduce testing procedures and reduce 
the effect of learning. Following the familiarisation session, participants were 
randomly and systematically (based upon gender and strength) allocated to one of three 
experimental groups: 
1) Strength training + a-tDCS group (ST + a-tDCS) 
2) Strength training + sham-tDCS group (ST + sham) 
3) Control group (control) 
The intervention ran for a period of three weeks. Participants and the researchers were 
blinded to the type of stimulation (anodal or sham) by a coding function built in to the 
device, with de-coding occurring only after the completion of all data analysis. Pre-
testing took place one week after the familiarisation session, immediately prior to the 
commencement of the intervention. Post-testing was carried out between 48 and 72 
hours after the final training session was performed. Outcome measures included wrist 
extension 1RM, muscle thickness, corticospinal excitability (stimulus-response 
curve), SICI during 5%, 20% and 50% MVC, and silent period. 
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Figure 3.1. Organisation of study one.
ST + a-tDCS group 
Control group 
Intervention Familiarisation Pre-Testing Post-Testing 
Strength 
Ultrasound 
M-wave 
TMS 
tDCS 
Strength: 
1RM of right ECR 
Ultrasound:  
Right wrist extensors 
M-wave:  
right ECR 
TMS: (left M1) 
Single-pulse stimulus-
response curve during 
5 ± 2 % MVC 
15 x paired-pulse to 
determine SICI  
during 5%, 20% and 
50% MVC. 
3 sessions per week (total = 9) 
Training right (dominant) wrist extensors 
4 sets of 6-8 wrist extensions at 70% 1RM 
Repetition timing: 3 s concentric 4 s eccentric 
20 mins a-tDCS delivered at 2 mA over the 
left M1, beginning 8 mins prior to training 
No training or tDCS 
ST + sham group 
3 sessions per week (total = 9) 
Training right (dominant) wrist extensors. 
4 sets of 6-8 wrist extensions at 70% 1RM  
Repetition timing: 3 s concentric 4 s eccentric 
20 mins of sham-tDCS 
1 week prior to commencement of training 3 week training program 
48-72 hours following 
final training session 
Strength: 
1RM of right ECR 
Ultrasound:  
Right wrist extensors 
M-wave:  
right ECR 
TMS: (left M1) 
Single-pulse stimulus-
response curve during 
5 ± 2 % MVC 
15 x paired-pulse to 
determine SICI  
during 5%, 20% and 
50% MVC. 
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3.2.3. Dynamic strength testing protocol 
Maximal voluntary dynamic strength of the wrist extensors was determined by a 
standard unilateral 1RM test with an adjustable weighted dumbbell. Participants were 
seated in a height adjustable chair, shoulders relaxed and elbow flexed at 90°, with the 
forearm pronated and fastened to a weight bench. The wrist was positioned such that 
the styloid process sat just beyond the edge of the bench, and the relaxed hand hung 
free. The researcher placed the dumbbell in the participants’ hand, and instructed them 
to grasp the dumbbell and completely extend the wrist, moving the hand upwards. A 
trial was considered successful when the participant was able to lift the weight from a 
rested position hanging below the bench, to at least 15° beyond horizontal, measured 
by electromagnetic goniometer (3DM-GX2®, Williston, Vermont, USA). The starting 
weight of the dumbbell was estimated by the researcher, and the weight of the 
dumbbell was increased in increments of 0.25 kg or 0.5 kg as appropriate, until the 
participant could no longer produce a successful trial. Verbal encouragement was 
provided during all attempts, and each trial was separated by a three minute recovery 
period. 
3.2.4. Isometric strength testing protocol 
Isometric MVC of the wrist extensors was determined on an isokinetic dynamometer 
(Biodex System 4 Pro, Biodex Medical Systems, Shirley, USA). The value of 
isometric MVC was required to carry out the neurophysiological testing, but did not 
serve as a primary outcome measure for strength because it lacks functional meaning 
and specificity to the training task. Participants were seated in the dynamometer chair 
with the forearm strapped firmly on the arm rest and hand resting underneath the 
dynamometer attachment. The researcher instructed them to extend the wrist as 
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forcefully as possible by pressing the dorsal area of the hand into the dynamometer 
attachment, while keeping the fingers relaxed (i.e. not clenching a fist). Testing took 
place while the wrist joint was positioned at 180°. A total of three trails were 
performed, each trial was three seconds in duration and separated by a three minute 
recovery period. The largest recorded force output served as the participants MVC. 
Maximal root mean squared (rms) EMG (EMGmax) was determined by averaging 
values obtained from a 100 ms epoch collected during the MVC. 
 3.2.5. Strength training protocol 
Participants allocated to the ST + a-tDCS and ST + sham group participated in strength 
training three times per week for the duration of the intervention (nine sessions in total) 
on non-consecutive days, which involved extension of the wrist with a weighted 
dumbbell. Training was performed in a seated position with the forearm pronated and 
rested on a horizontal bench, with posture identical to pre and post strength testing 
procedures. The training took place in a supervised laboratory, and consisted of 4 sets 
of 6-8 repetitions at 70% 1RM, with three minutes recovery between sets, and 
repetition timing of 3 seconds for concentric contraction and 4 seconds for eccentric 
contraction (guided by an electronic metronome) (Ackerley, Stinear & Byblow 2011; 
Kidgell et al. 2010). As strength increased, and participants were able to complete 4 
sets of 8 repetitions, progressive overload was employed by increasing the weight of 
the dumbbell by 5% to ensure optimal training gains. Maximal effort and correct 
technique was ensured with supervision and verbal encouragement for every session. 
Figure 3.2. provides an example of a participant performing strength training. The 
control group continued performing typical daily activities without undertaking any 
additional training.  
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Figure 3.2. An example of a participant performing strength training. 
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 3.2.6. Anodal tDCS protocol 
The ST + a-tDCS group received 2 mA a-tDCS over the left M1, delivered by a DC 
stimulator (NeuroConn, Ilmenau, Germany). Total stimulation duration was 20 min, 
commencing 8 minutes prior to training and ceased at the end of the training session. 
Two 25 cm2 electrodes (producing a current density of 0.08 mA/cm2) were soaked in 
saline solution (0.9% NaCl) and secured in place with rubber straps. Bioelectrical 
impedance levels were measured by the stimulator throughout the protocol, and did 
not exceed 55 kΩ. The stimulating electrode (anode) was located over the left M1 in 
the area corresponding with the participants’ right ECR ‘optimal site’ as determined 
with TMS. The reference electrode (cathode) was placed over the right supraorbital 
area. The ST + sham group followed the exact same protocol, however stimulation 
ceased after 15 seconds. The pseudo-stimulation feature built in to the DC stimulator 
allowed both participants and researchers to be blinded to the sham stimulation, and 
has been previously validated (Gandiga, Hummel & Cohen 2006). 
3.2.7. Measurement of muscle thickness 
Thickness of the wrist extensors (a combined measure of the posterior forearm 
musculature in cm) was measured with a portable ultrasound device (Sonosite 
Ultrasound, Springfield, New Jersey, USA). The site of measurement was determined 
by marking the skin two thirds of the distance between the styloid process and the 
lateral epicondyle, while the participant rested their forearm on a bench in a pronated 
position, with the elbow flexed at 90°. The 8-15 Hz transducer probe was lubricated 
with transmission gel and placed lightly on the marked area of the skin, ensuring 
minimal compression of the muscle before measurement. The average of six readings 
served as the final value for muscle thickness. 
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3.2.8. Transcranial magnetic stimulation and electromyography 
Single and paired-pulse TMS of the M1 was delivered using a BiStim unit connecting 
two Magstim 2002 stimulators (Magstim Co, Dyfed, UK). A 70 mm figure 8 coil with 
an external loop diameter of nine cm was positioned tangential to the scalp with the 
handle pointing backward at 45° away from the midline while delivering stimulus (Di 
Lazzaro 2004). The induced current flowed in a posterior-to-anterior direction. Sites 
near the estimated centre of the ECR were explored to determine the ‘optimal site’ at 
which the largest MEP amplitude was obtained. To ensure all stimuli were delivered 
consistently, participants wore a fitted cap marked with a latitude-longitude matrix, 
positioned with reference to the nasion-inion and interaural lines. Single-pulse stimuli 
were delivered during low level isometric contractions of the wrist extensors. Due to 
inadequate dynamometer sensitivity, low level contractions were performed by 
maintaining a straight (180˚) wrist and fingers, which equated to 5 ± 2% of 
rmsEMGmax, and will be referred to as 5% MVC for simplicity. Consistent muscle 
activation was confirmed by recording pre stimulus EMG throughout the session, and 
any MEPs with pre-stimulus EMG that exceeded 5 ± 2% rmsEMGmax were discarded 
and the trial repeated. AMT was defined as the intensity at which at least five of 10 
stimuli produced a clear MEP with an amplitude of greater than 200 μV.  
For a single recruitment curve, 10 stimuli were delivered at each intensity (5% 
stimulator output steps) from 5% below AMT, increasing until a plateau in MEP 
amplitude was reached. To quantify SICI, 15 single-pulse stimuli and 15 short-interval 
paired-pulse stimuli were delivered in random order, in three pre-determined active 
muscle conditions (5% MVC, 20% MVC and 50% MVC). The conditioning stimulus 
for paired-pulse stimulation was 70% of AMT, the inter-stimulus interval was three 
ms, and the test stimulus was set at 120% of AMT, which was determined during 
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familiarisation and kept constant during pre and post testing (Garry & Thomson 2009). 
During testing, 20% MVC and 50% MVC contractions were performed on an 
isokinetic dynamometer (Biodex System 4 Pro, Biodex Medical Systems, Shirley, 
USA) for a minimum of two seconds while the stimulus was being delivered. Adequate 
rest periods were provided such that the participant was able to continue to produce 
consistent force output throughout testing. 
Surface EMG activity was recorded from the ECR using bipolar Ag-AgCl electrodes. 
Two electrodes were positioned two cm apart over the muscle belly, and one ground 
reference electrode was positioned on the lateral epicondyle. All cables were fastened 
with tape to prevent movement artifact. The area of electrode placement was shaven 
to remove fine hair, rubbed with an abrasive skin rasp to remove dead skin, and then 
cleaned with 70% isopropyl alcohol. The electrode sites were marked with a 
permanent marker by tracing around the electrode, and this was maintained for the 
entire three week period to ensure consistency of electrode placement relative to the 
innervation zone. An impedance meter was used to ensure impedance did not exceed 
10 kΩ prior to testing. All EMG signals (including MEPs) were amplified (x1000) 
with bandpass filtering between 20 Hz and 1 kHz, and digitised at 2 kHz for 500 ms.  
3.2.9. Maximal compound waves 
Direct muscle responses (M-waves) were obtained from the resting ECR by 
supramaximal electrical stimulation of Erbs point. A digitimer (Hertfordshire, UK) 
DS7A constant-current electrical stimulator (pulse duration 200 μs) was used to 
deliver electrical pulses. Stimulation was applied at increasing current strength until 
the EMG amplitude response reached a plateau. To ensure a maximal response, the 
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current was then increased an additional 20%, and the average peak-to-peak amplitude 
obtained from five stimuli delivered at < 0.5 Hz served as the participants Mmax value. 
3.2.10. Data analysis 
Peak-to-peak MEP amplitudes were recorded with PowerLab 4/35 and analyzed using 
LabChart 7.3.6 software (ADInstruments, Bella Vista, NSW, Australia). Each stimulus 
was automatically flagged with a cursor, providing peak-to-peak values in μV, which 
were then normalised to Mmax. Stimulus intensity was plotted against MEP amplitude, 
and then fitted with a non-linear Boltzmann equation using Prism 6 (Graphpad 
software Inc., California, USA).  
 
 
 
Where:
 
x s represents stimulus intensity. 
x Top represents the MEP plateau value (peak height). 
x Bottom represents the minimum MEP values. 
x V50 represents the stimulus intensity at which MEP amplitude is halfway 
between top and bottom. 
x Slope represents the steepness of the curve. 
Short-interval intracortical inhibition was calculated with the following equation: 
SICI = 
SP-PP
Mmax
×100 
Where: 
x SP represents the average MEP amplitude from the single-pulse stimuli. 
x PP represents the average MEP amplitude from the paired-pulse stimuli. 
¸¸¹
·
¨¨©
§ 
 
Slope
sV
BottomTopBottomsMEP
50exp1
)()(
 74 
 
This calculation, adapted from Lackmy & Marchand-Pauvert (2010), has a direct 
relationship with SICI. For example, a decrease in inhibition following the intervention 
would be depicted by a decrease in the value. 
Silent period durations were obtained from single-pulse stimuli delivered at 120% 
AMT during 20% MVC contractions. The duration between the onset of the MEP and 
the reoccurrence of background EMG was visually inspected and manually cursored, 
with the average of 15 stimuli serving as the value for silent period duration (Wilson 
et al. 1993). 
3.2.11. Statistical analysis 
All data was screened with Shapiro-Wilk and Kolmogorov-Smirnov tests and found 
to be normally distributed (all p > 0.05). Sufficient sample size was predetermined 
with a priori power analysis based on previous data investigating acute strength gains 
following tDCS in healthy individuals (Cogiamanian et al. 2007; Tanaka et al. 2009) 
Mixed factorial ANOVA appropriate for a 3 x 2 design [three groups (tDCS, sham, 
control), two time points (pre-testing, post-testing)] comparing multiple outcome 
measures (muscle thickness, 1RM strength, pre-stimulus rmsEMG, corticospinal 
excitability, SICI and silent period). Univariate and post-hoc (LSD) analysis for each 
dependent measure followed where significant multivariate effects were found. 
Pearson product-moment correlation co-efficients were used to determine correlations 
between primary outcome measures (1RM strength, corticospinal excitability, SICI 
and silent period). SPSS version 17.0 (SPSS Inc, Chicago, Ill) was used for all 
statistical analyses, with the level of significance used for all tests set at p < 0.05. All 
data is presented as mean ± standard deviation (SD). 
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3.3. Results 
3.3.1. Muscle thickness 
There was a significant difference in muscle thickness between groups at baseline (p 
< 0.01). No main effects for time (F1,27 = 1.13; p = 0.30), group (F2,27 = 0.63; p = 0.54), 
or group by time interactions (F2,27 = 2.08; p = 0.15) were detected following the 
intervention. Raw values for muscle thickness for each group, pre and post intervention 
were as follows: control; 2.10 ± 0.2 cm to 2.10 ± 0.2, ST + sham; 1.92 ± 0.3 cm to 
1.98 ± 0.3 cm, ST + a-tDCS; 1.97 ± 0.3 cm to 1.96 ± 0.3 cm. 
3.3.2. Dynamic strength 
There was no significant difference in wrist extension 1RM between groups at baseline 
(p = 0.29). A main effect for time (F1,27 = 49.61; p < 0.01), group (F2,27 = 13.16; p < 
0.01) and group by time interaction (F2,27 = 13.16; p < 0.01) was detected following 
the intervention (see Figure 3.3). Post-hoc analysis revealed an increase in strength for 
both the ST + sham (p < 0.01) and ST + a-tDCS (p < 0.01) groups when compared to 
control, however there were no differences in the magnitude of strength gain between 
the two intervention groups (p = 0.23). In addition, a negative correlation was found 
between strength and silent period (r2 = -0.55, p < 0.01). Strength gain was not 
correlated with any other variable (all p > 0.05). 
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Figure 3.3. Percentage change in 1RM wrist extension strength (mean ± SD).  
The ST + sham group wrist extension force increased by 11.17% (from 8.95 ± 2.0 kg 
to 9.95 ± 2.5 kg) following the intervention, while the ST + a-tDCS group increased 
by 14.89% (from 8.85 ± 2.4 kg to 10.17 ± 2.3 kg). The increase in strength for both 
the ST + sham and ST + a-tDCS group was significantly greater than the control group, 
which did not change (from 9.11 ± 2.4 kg to 9.21 ± 2.3 kg). * represents a significant 
time effect (p < 0.05). † represents a significant difference from the control group 
(group by time interaction, p < 0.05).  
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3.3.3. Pre-stimulus rmsEMG 
Average rmsEMG as a percentage of rmsEMGmax, was calculated 100 ms prior to TMS 
stimulus trigger for each muscle condition (5%, 20% and 50% MVC), and for both 
single and paired-pulse TMS. The average pre-stimulus rmsEMG across all groups 
and time points for each condition was 6.02%, 44.77%, and 66.66% rmsEMGmax 
respectively. There were no significant differences between groups at baseline for any 
of the conditions (all p > 0.05).  No main effects for time, group, or group by time 
interactions were detected following the intervention (all p > 0.05).  
3.3.4. Corticospinal excitability 
Stimulus-response curves were constructed to quantify any changes in the slope, half 
peak slope (V50) and peak height following the intervention (see Figure 3.4). There 
were no significant differences between groups for slope, V50 or peak height (all p > 
0.05) at baseline. No main effects for time, group or group by time interactions were 
detected for the stimulus-response curve slope, V50 or peak height following the 
intervention (all p > 0.05).  
Changes in MEP amplitude at all points along the recruitment curve were investigated 
prior to and following the intervention. There was no significant difference in MEP 
amplitude between groups at baseline at any points along the recruitment curve (all p 
> 0.05). A main effect for time (F1,27 = 7.32; p = 0.01), group (F2,27 = 4.53; p = 0.02), 
and group by time interaction (F2,27 = 3.92; p = 0.03) was detected for peak-to-peak 
MEP amplitude at 15% above AMT. Post-hoc analysis revealed an increase (22.6%) 
in MEP amplitude for the ST + a-tDCS group only, when compared with the control 
(p = 0.03) and ST + sham (p = 0.02) groups (see Figure 3.4C). 
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Peak-to-peak MEP amplitude at both 20% and 25% above AMT produced a main 
effect for time (F1,27 = 8.15; p = 0.01), (F1,27 = 4.98; p = 0.03) and group (F2,27 = 3.81; 
p = 0.04), (F2,27 = 3.65; p = 0.04) respectively. Post-hoc testing revealed an increase in 
MEP amplitude following the intervention for the ST + a-tDCS group only at 15% (p 
= 0.01) 20% (p = 0.01) and 25% (p = 0.03) above AMT (see Figure 3.4C). An example 
of MEP traces elicited at 15% above AMT for a single participant in the ST + a-tDCS 
group is shown in Figure 3.5.
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Figure 3.4. Stimulus-response curves for control (A), ST + sham (B) and ST + a-tDCS (C) groups (mean ± SD) expressed as a percentage of Mmax.  
There was no change in the slope, V50 or peak height of the stimulus-response curves for any group. A significant time effect for MEP amplitude at 15, 
20 and 25% above AMT for the ST + a-tDCS group following the intervention. MEP amplitude at 15% above AMT increased by 22.56% (from 28.45 ± 
3.5% Mmax to 34.87 ± 4.7% Mmax), MEP amplitude at 20% above AMT increased by 19.07% (from 33.87 ± 4.9% Mmax to 40.33 ± 5.7% Mmax), and MEP 
amplitude at 25% above AMT increased by 16.26% (from 36.66 ± 4.9% Mmax to 42.62 ± 5.4% Mmax). A significant group by time interaction was 
observed for the ST + a-tDCS group at 15 % above AMT. * represents a significant time effect (p < 0.05). † represents a significant difference from the 
control group (group by time interaction, p < 0.05). # represents a significant difference from the ST + sham group (group by time interaction, p < 0.05). 
A C B 
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Figure 3.5. An example of MEP traces collected from a single participant in the ST + a-tDCS group before (A) and after (B) the intervention. 
Each image provides 5 representative MEPs elicited at 15% above AMT for each time point in grey, with the average MEP trace for each time point in 
black. 
 81 
 
3.3.5. Short-interval intracortical inhibition 
There were no significant differences in SICI at baseline between groups for any of 
the testing conditions (all p > 0.05).  
During 5% MVC, no main effects for time, group or group by time interactions were 
detected (all p > 0.05).  
During 20% MVC, a time (F1,27 = 7.79; p = 0.01) and group by time interaction (F2,27 
= 5.42; p = 0.01) was detected for SICI following the intervention. Post-hoc analysis 
revealed a significant decrease for the ST + a-tDCS group when compared to both the 
control (p < 0.01) and ST + sham (p = 0.031) groups (see Figure 3.6). 
During 50% MVC, a group by time interaction (F2,27 = 5.89 p = 0.01) was detected for 
SICI following the intervention. Post-hoc analysis revealed a significant decrease for 
the ST + a-tDCS group when compared to both the control (p < 0.01) and the ST + 
sham (p = 0.04) groups (see Figure 3.7). A negative correlation was detected between 
SICI during 50% MVC and MEP amplitude at 15% above motor threshold (r2 = -0.38, 
p = 0.04). 
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Figure 3.6. SICI during 20% MVC (mean ± SD) expressed as a percentage of Mmax.  
Following the intervention, the ST + a-tDCS group displayed a 38.59% decrease in 
SICI (from 20.29 ± 3.8 to 12.46 ± 2.3). * represents a significant time effect (p < 0.05). 
† represents a significant difference from the control group (group by time interaction, 
p < 0.05). # represents a significant difference from the ST + sham group (group by 
time interaction, p < 0.05). 
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Figure 3.7. SICI during 50% MVC (mean ± SD) expressed as a percentage of Mmax. 
Following the intervention, the ST + a-tDCS group displayed a 42.69% decrease in 
SICI (from 16.02 ± 3.6 to 9.18 ± 2.1). * represents a significant time effect (p < 0.05). 
† represents a significant difference from the control group (group by time interaction, 
p < 0.05). # represents a significant difference from the ST + sham group (group by 
time interaction, p < 0.05). 
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3.3.6. Silent period duration 
There was a significant difference between groups for silent period duration at baseline 
(p < 0.01). A main effect for time (F1,27 = 31.88; p < 0.01), group (F2,27 = 3.55; p = 
0.04) and group by time interaction (F2,27 = 10.56; p < 0.01) was detected following 
the intervention. Post-hoc analysis revealed decreases in silent period duration for both 
the ST + sham (10.55%, p = 0.01) and ST + a-tDCS (18.20%, p < 0.01) groups when 
compared to the control group, however there was no difference in the magnitude of 
silent period reduction between the two intervention groups (p = 0.14) (see Figure 3.8). 
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Figure 3.8. Silent period duration (mean ± SD) in milliseconds.  
Following the intervention, the ST + sham group displayed a 10.55% reduction (from 
60.64 ± 5.0 ms to 54.24 ± 4.5 ms) and the ST + a-tDCS group displayed a 18.20% 
reduction in silent period (from 54.46 ± 2.6 ms to 44.55 ± 2.9 ms). * represents a 
significant time effect (p < 0.05). † represents a significant difference from the 
control group (group by time interaction, p < 0.05). 
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3.4. Discussion 
It was hypothesised that the application of a-tDCS during strength training would elicit 
additional strength gain, a reduction in intracortical inhibition, and increased 
corticospinal excitability. The findings from this study demonstrated that while 
strength training with a-tDCS did produce increases in corticospinal excitability and 
reductions in SICI that were significantly greater than strength training with sham-
tDCS, this did not correspond with significant improvements in dynamic strength. 
Strength training with sham-tDCS caused a significant reduction in silent period 
duration, but did not have an effect on corticospinal excitability or SICI. The increase 
in strength for both groups following the intervention were significant, however 
strength gains in the group receiving a-tDCS were not significantly greater than the 
group receiving sham-tDCS (14.89% and 11.17% respectively). No change in muscle 
thickness was observed, suggesting that strength increase was a result of neural 
adaptations, however the contribution of peripheral factors that cannot be detected by 
ultrasound cannot be ruled out. 
Contrary to the hypothesis, training with a-tDCS did not produce significantly greater 
strength increases than training with sham-tDCS. This is inconsistent with several 
previous studies which have observed immediate strength enhancement following 
single sessions of a-tDCS (Cogiamanian et al. 2007; Hummel et al. 2006; Tanaka et 
al. 2009; Tanaka et al. 2011). It is possible that additional a-tDCS induced strength 
gains were absent in this study due to a ceiling-like effect, where strength gain reached 
its maximum potential following the high intensity strength training performed by 
healthy participants. The training protocol performed in this study was expected to 
produce high levels of corticospinal excitation and descending drive, maximising 
strength increases and leaving minimal room for further benefits, despite the 
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application of a-tDCS pre-exercise and during rest periods. Previous studies reporting 
significant strength gain following single sessions of a-tDCS have investigated 
diseased populations (Tanaka et al. 2011; Hummel et al. 2006) or the non-dominant 
limb (Tanaka et al. 2009) suggesting that there may be greater potential to further 
enhance strength, due to sub-optimal cortical excitability, inhibition and descending 
drive. In addition, Hummel et al. (2006) found that increases in pinch force and 
reaction time following a-tDCS was more pronounced in stroke patients with greater 
impairment. This suggests that a-tDCS is more likely to be beneficial when combined 
with strength and rehabilitation programs for individuals with performance deficits 
following injury, disease, or due to ageing. 
Another possibility is that the functional strength benefits of a-tDCS did not last long 
enough to be detected in post testing sessions that were conducted 48-72 hours 
following the final training session. However, Reis et al. (2009) found that the 
cumulative effect of a-tDCS applied during five consecutive days of skill training 
mediated performance benefits that lasted as long as three months, making this theory 
less conceivable. Likewise, the presence of lasting changes in corticospinal excitability 
seen in our participants receiving a-tDCS suggest any functional benefits that may 
have been present would have been detected in post testing. 
The results indicate that a-tDCS applied during nine sessions across a three week 
strength training program produces modifications in neurophysiological function that 
appear similar to short term cortical modulation following acute a-tDCS. For example, 
previous research has reported a reduction in SICI following single sessions of a-tDCS 
of approximately 20% (Hummel et al. 2005), and increases in MEP amplitude of up to 
40% (Nitsche & Paulus 2000), typically returning to baseline after one hour (Bastani 
& Jaberzadeh 2012). Changes in corticospinal excitability observed in this study were 
 88 
 
measured 48-72 hours following the final training session, demonstrating that the 
repeated sessions provide a cumulative and longer lasting effect. This indicates that 
the mechanisms underlying the observed changes may be due to an increase in synaptic 
efficacy rather than membrane polarity, such as increased number and sensitivity of 
post synaptic glutamate (NMDA) receptors, similar to that observed with LTP 
(Liebetanz et al. 2002; Nitsche et al. 2004a; Nitsche et al. 2004b). It is likely that the 
cortical modifications observed following the intervention are due to the application 
of a-tDCS pre-exercise and during rest periods, rather than any concurrent effect of a-
tDCS during high intensity muscular contractions where comparatively high levels of 
cortical activity are already present. 
The reduction in SICI observed in combination with increases in corticospinal 
excitability supports the theory that a-tDCS may act on superficial layers of the 
neocortex rather than deeper pyramidal cells. Increases in MEP amplitude may be a 
result of reduced local inhibition (or disinhibition) of intracortical neurons projecting 
on to corticospinal neurons. This is supported by the negative correlation detected 
between SICI during 50% MVC and MEP amplitude at 15% above AMT. Recently, it 
has been suggested that a-tDCS may influence corticospinal excitability and inhibition 
via modulation of local glial cell activity (Ruohonen & Karhu 2012). Glial cells 
regulate the uptake and release of neurotransmitters, including GABA, which plays a 
vital role in intracorical inhibition (Ruohonen & Karhu 2012). Considering the 
profound effect of a-tDCS on intracortical inhibition observed in this study, the 
possibility of glial cell modulation contributing to overall modification of cortical 
inhibition and excitation following a-tDCS appears plausible. 
Despite the reported modulation of corticospinal excitability and SICI, no significant 
correlation between these measures and voluntary dynamic strength were observed. 
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These results are in agreement with Li Voti et al. (2011), who also found no 
relationship between motor learning outcomes and TMS induced MEP facilitation 
following repetitive TMS, and a motor learning task. In fact, very few studies have 
demonstrated correlations between cortical modulation and functional improvements 
following tDCS, with correlations reported in stroke and parkinson’s patients only 
(Fregni et al. 2006; Hummel et al. 2005). To our knowledge, there have been no 
reported correlations between changes in corticospinal neuroplasticity and strength 
outcomes in healthy populations. 
Interestingly, the results demonstrated that strength training alone (with sham tDCS) 
did not induce significant changes in corticospinal excitability or SICI, despite 
considerable dynamic strength increases. Traditionally, the effect of strength training 
on corticospinal excitability has produced mixed findings, with differences typically 
attributed to TMS testing protocols, training variables, (i.e. the complexity of the 
training task) or muscle group examined (Carroll et al. 2011; Perez et al. 2004). Recent 
studies have utilised very similar training and testing protocols in the quadriceps 
femoris and BB, reporting increases in corticospinal excitability and decreases in SICI 
(Goodwill, Pearce & Kidgell 2012; Kidgell et al. 2010; Weier, Pearce & Kidgell 2012). 
This suggests that properties of the muscle group may influence the effect of strength 
training on corticospinal excitability. The wrist extensors have vastly different 
functional requirements when compared to large force producing muscles such as the 
quadriceps and BB. They produce fine and controlled movements, fatigue more easily 
and may respond differently to high training loads. It is possible that the training task 
used in this study was too simple to induce changes in corticospinal excitability of a 
muscle that is already accustomed to skilled movements, or that the heavy loads used 
produced excessive fatigue and muscle damage. 
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Another important finding was the significant reduction in silent period observed for 
both experimental groups following the intervention, which demonstrates a decrease 
in net inhibition of the corticospinal tract. This reduction in silent period was 
negatively correlated with strength gain. Silent period duration following strength 
training or neuromodulation techniques such as a-tDCS is not commonly investigated, 
despite providing a broad representation of both cortical and spinal inhibition, however 
the limited available evidence is consistent with our findings. A reduction in silent 
period duration has been reported following strength training of the quadriceps and 
intrinsic muscles of the hand, with correlations between silent period reduction and 
strength gain attributed to the release of cortical and spinal inhibition, allowing greater 
corticospinal drive (Kidgell & Pearce 2010; Latella, Kidgell & Pearce 2012). Only one 
study has investigated silent period following a-tDCS, with 10 minutes of stimulation 
at 1 mA having no effect on silent period duration (Suzuki et al. 2012). Despite 
differences in the stimulation protocol, this is consistent with the present results, which 
indicate that the application of a-tDCS during training does not produce significantly 
greater reductions in silent period than strength training alone.  
The early portion of the silent period (< 75 ms) is thought to represent inhibitory 
pathways in the spinal cord. Average silent period length in this study was well below 
this, even prior to training, suggesting that silent period reductions were predominantly 
due to modulation at a spinal level. Unfortunately, it is difficult to ascertain the effect 
of strength training and a-tDCS on spinal circuitry without data from H-reflexes or 
cMEPs, which were not obtained in this study. Similarly, the influence of a-tDCS and 
strength training on ICF was not investigated, which may have provided a more 
detailed insight into changes in net corticospinal excitability following the 
intervention. Finally, the inclusion of a group receiving a-tDCS without strength 
 91 
 
training may be beneficial in future studies, to determine the effects of repeated 
sessions of experimentally-induced neuroplasticity in the absence of additional 
strength training, which may potentially influence strength (Reis et al. 2009; Tanaka 
et al. 2009).  
3.5. Conclusion 
In conclusion, the findings from this study suggest that the application of a-tDCS in 
combination with strength training of the wrist extensors in a healthy population does 
not provide additional benefit for voluntary dynamic strength gains when compared 
with standard high intensity strength training. However, this does not rule out the 
potential for utilising a-tDCS during modified strength training programs with 
individuals who are unable to perform high intensity training. Modulation of 
corticospinal excitability and SICI following the intervention appeared similar to 
previously reported acute effects of a-tDCS, and was likely to be due to the application 
of a-tDCS prior to training and during rest periods. Both strength training groups 
experienced a reduction in silent period, irrespective of the presence of a-tDCS, which 
is likely to be attributed to modifications in spinal circuitry following strength training. 
Future research should examine the efficacy of a-tDCS when combined with low 
intensity strength training, possibly in clinical populations who are unable to maximise 
strength gain with heavy load training. A more thorough investigation of spinal reflex 
modulation and intracortical facilitation following a-tDCS and strength training would 
provide a more comprehensive understanding of the underlying mechanisms 
contributing to the observed strength gains and neuroplasticity. Importantly, the 
findings from this study represent novel evidence for a complementary effect on 
neuroplasticity following the application of a-tDCS during strength training, which 
forms the basis for further investigation in the following chapters. 
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CHAPTER FOUR: STUDY TWO  
Anodal tDCS applied during unilateral strength training acutely increases 
strength and corticospinal excitability in the untrained homologous muscle. 
Adapted from: Hendy, AM & Kidgell, DJ 2014, ‘Anodal tDCS during unilateral 
strength training increases strength and corticospinal excitability in the untrained 
homologous muscle’, Experimental Brain Research, vol. 232, no. 10, pp. 3243-52. 
Abstract 
Aim: To examine changes in corticospinal neuroplasticity and strength of the 
untrained limb following the application of a-tDCS to the iM1 during a single 
unilateral strength training session. Methods: 10 participants underwent three 
conditions (ST + a-tDCS, ST + sham, and a-tDCS) in a randomised, double-blinded 
crossover design. Unilateral strength training of the right wrist involved 4 × 6 wrist 
extensions at 70 % of 1RM, while a-tDCS was applied for 20 minutes at 2 mA over 
the right M1. Outcome measures included 1RM strength of the untrained ECR, and 
corticospinal excitability, SICI, and cross-activation of the iM1. Results: A significant 
increase in strength of the untrained ECR (5.27 %, p = 0.02), a decrease in SICI (-
13.49 %, p = 0.01), and an increase in cross-activation (15.71 %, p = 0.03) was reported 
following the ST + a-tDCS condition, but not following the ST + sham, or a-tDCS 
condition. Corticospinal excitability of the iM1 increased significantly following both 
the ST + a-tDCS condition (17.29 %, p = 0.01), and the a-tDCS condition (15.15 %, p 
= 0.04), but not following ST + sham. Conclusion: These findings suggest that a single 
session of a-tDCS delivered to the iM1 during unilateral strength training of the right 
ECR increases maximal strength and cross-activation of the contralateral untrained 
ECR. 
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4.1. Introduction 
It is well established that unilateral strength training produces strength gain not only 
in the trained limb, but also in the untrained homologous muscle, in a process termed 
cross-education (Carroll et al. 2006; Munn et al. 2005; Scripture, Smith & Brown 
1894). While the neural adaptations that underpin cross-education remain somewhat 
unresolved, there is evidence that cross-activation of the iM1 during demanding 
unilateral tasks may contribute to the phenomenon (Ruddy & Carson 2013). TMS of 
the iM1 during unilateral contractions has revealed increases in corticospinal 
excitability (Hortobágyi et al. 2003; Perez & Cohen 2008; Zijdewind et al. 2006), 
decreases in SICI (Perez and Cohen 2008), and reductions in IHI (Hortobágyi et al. 
2011; Howatson et al. 2011). This is supported by fMRI studies, which have also 
demonstrated increased activity in the iM1 during unilateral voluntary isometric 
contractions (Kobayashi & Pascual-Leone 2003; van Duinen et al. 2008). Furthermore, 
unilateral contractions do not appear to have the same effect on cMEPs or the H-reflex 
(Hortobágyi et al. 2003; Carson et al. 2004), suggesting that cross-activation is 
primarily of cortical origin. 
Several studies have used TMS to investigate the function of the iM1 following single 
sessions of unilateral ballistic motor training (Carroll et al. 2008; Hinder, Carroll & 
Summers 2013; Hinder et al. 2011; Lee et al. 2010; Poh, Riek & Carroll 2013). These 
studies have reported increases in MEP amplitude in both the cM1 and the iM1, 
accompanied by performance gains in both the trained and untrained limbs (Carroll et 
al. 2008; Hinder, Carroll & Summers 2013; Lee et al. 2010; Poh, Riek & Carroll 2013), 
as well as a reduction in SICI in both hemispheres (Hinder et al. 2011). A study by Lee 
et al. (2010) demonstrated the interaction between use-dependent and experimentally-
induced neuroplasticity by applying rTMS to the M1 following a unilateral ballistic 
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training task. The findings suggest that when the iM1 was disrupted, cross-education 
of performance gains in the untrained muscle were abolished. However, when the cM1 
was disrupted, performance gains in the trained muscle were reduced, but cross-
education to the untrained muscle was not affected (Lee et al. 2010). While this 
demonstrates that acute neuroplasticity in the iM1 can be induced by motor training, 
and subsequently reversed by non-invasive brain stimulation, there have been no 
attempts to up-regulate neuroplasticity and performance by combining motor practice 
with excitatory forms of non-invasive brain stimulation. 
Since a-tDCS has been shown to produce a short term increase in corticospinal 
excitability (Nitsche & Paulus 2000; Nitsche & Paulus 2001), with some reports of 
acute gain in muscular performance following stimulation (Cogiamanian et al. 2007; 
Tanaka et al. 2009), it seems reasonable to suggest that a combination of a-tDCS and 
strength training may produce a compounding effect on M1 neuroplasticity and 
performance. In study one, we demonstrated that the combination of high intensity 
strength training and a-tDCS applied to the cM1 across a three week training program 
produced an increase in corticospinal excitability and a reduction in SICI of the cM1 
present 2-3 days following the completion of the program. Despite the reported 
increase in corticospinal excitability, strength gain in participants receiving a-tDCS 
during training was not significantly greater than those receiving sham-tDCS. This 
may have been due to a ceiling effect, whereby high intensity strength training of 
healthy but untrained individuals produces high levels of cM1 activity and large 
strength gains that appeared to be relatively unchanged by the low level electrical 
current from a-tDCS. However, since cross-education of strength in the untrained limb 
typically only represents a small portion of strength gain observed in the trained limb 
(Zhou 2000; Carroll et al. 2006), the potential for performance benefits obtained in the 
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untrained limb following application of a-tDCS to the iM1 may be greater. In addition, 
due to the presence of fatigue in the trained muscle, immediate effects on 
neuroplasticity following strength training with a-tDCS applied to the cM1 are difficult 
to establish, and were not investigated in study one.  
Therefore, the purpose of this study was to investigate the immediate effects of a single 
bout of unilateral strength training during a-tDCS of the iM1 on neuroplasticity and 
functional strength of the untrained contralateral limb. The effect of strength training 
during a-tDCS was directly compared to the effects of strength training during sham-
tDCS, and a-tDCS during rest, to determine if the combined effects of use-dependent 
and experimentally-induced neuroplasticity were greater than the effects of either 
intervention applied independently. Primary outcome measures in the untrained limb 
and iM1, determined prior to and following each intervention included 1RM strength, 
corticospinal excitability, SICI, and a novel investigation of cross-activation, whereby 
MEP amplitude was measured during unilateral MVC of the trained limb. It was 
hypothesised that a-tDCS would complement the magnitude of cross-activation during 
unilateral training, thus enhancing neural adaptations and ultimately increasing cross-
education of strength in the untrained limb. 
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4.2. Methods 
 4.2.1. Participants 
Ten participants (5 male, 5 female, age: 25.9 ± 1.37, height: 174.4 ± 3.67, weight: 68.5 
± 3.99) were selected on a voluntary basis. All participants provided written informed 
consent prior to participation in the study, which was approved by the Deakin 
University Human Research Ethics Committee. All experiments were conducted 
according to the standards established by the Declaration of Helsinki. Participants were 
right hand dominant, as determined by a score of > 80 on the Edinburgh Handedness 
Inventory. All participants were free from any known history of peripheral or 
neurological impairment, and had not participated in strength training of the upper 
body for a minimum of 12 months prior to participation. Copies of the participant 
information, handedness and TMS safety screening questionnaires can be found in the 
appendices (page 190). 
4.2.2. Organisation of the study 
Figure 4.1 outlines the organisation of the study. Once recruited, participants attended 
a familiarisation session to introduce testing procedures and minimise the effect of 
learning.  Using a randomised, double blinded cross-over design, each participant 
completed three conditions with a one week wash out period between sessions:  
1) Strength training of the right ECR with a-tDCS of the iM1 (ST + a-tDCS) 
2) Strength training of the right ECR with sham-tDCS of the iM1 (ST + sham) 
3) a-tDCS of the right M1 alone (a-tDCS).  
M-waves were obtained prior to and following each intervention. Single and paired-
pulse TMS was used to assess the after-effects of each condition, with MEPs evoked 
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in the iM1 (right M1) and recorded from the left (untrained) ECR. The order of TMS 
stimuli (single or paired-pulse) was randomised throughout the trials. Dynamic muscle 
strength of the left (untrained) ECR for each participant was measured prior to and 
following each condition by completing a 1RM wrist extension strength test. A 1RM 
test was also performed on the right ECR prior to the intervention to determine the 
training load.
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Figure 4.1. Organisation of study two.  
CS; conditioning stimulus, ISI; inter-stimulus interval.
TMS protocol 
10 x single-pulse stimuli at 130% AMT 
10 x single-pulse stimuli to produce MEP 
amplitude equal to 10% Mmax 
10 x paired-pulse stimuli to determine SICI  
(CS = 80% AMT, ISI = 3ms) 
10 x single-pulse stimuli at 130% AMT to 
determine cross-activation (during right MVC) 
Condition: 
1) ST + a-tDCS 
2) ST + sham 
3) a-tDCS 
tDCS: 
20 min a-tDCS 
delivered at 2 mA 
or sham tDCS 
Strength training: 
4 x 6 wrist extensions 
at 70% 1RM 
or seated rest 
TMS protocol 
10 x single-pulse stimuli at 130% AMT 
10 x single-pulse stimuli to produce MEP 
amplitude equal to 10% Mmax 
10 x paired-pulse stimuli to determine SICI  
(CS = 80%AMT, ISI = 3ms) 
10 x single-pulse stimuli at 130% AMT to 
determine cross-activation (during right MVC) 
Pre testing Post testing Intervention 
1RM  1RM  M-wave M-wave 
Minutes (approx.) 
0                     20                    40           50       
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4.2.3. Dynamic strength testing protocol 
Maximal voluntary dynamic strength of the wrist extensors was determined by a 
standard unilateral 1RM test with an adjustable weighted dumbbell. The testing 
procedure was identical to study one (see section 3.2.3, page 65)  
4.2.4. Strength training protocol 
During the ST + a-tDCS and ST + sham conditions, participants were required to 
perform a single bout of strength training of the right wrist extensors with a weighted 
dumbbell. The strength training protocol was identical to study one (see section 3.2.5, 
page 66). Participants were instructed to relax the left wrist extensors during training. 
The a-tDCS condition required participants to sit quietly without moving the wrists for 
the 20 minute session. 
4.2.5. Anodal tDCS protocol 
The ST + a-tDCS and a-tDCS conditions received 20 minutes of a-tDCS delivered at 
2 mA to the iM1 (right M1) with a DC stimulator (NeuroConn, Ilmenau, Germany). 
During the ST + a-tDCS condition, training commenced 8 minutes after the stimulation 
began, allowing training and stimulation to cease simultaneously (see Figure 4.2a). 
The tDCS protocol was identical to study one (see section 3.2.6 page 68). The 
participants and researchers were blinded to the type of stimulation being applied 
(anodal or sham) by a coding function built in to the device, with de-coding occurring 
only after the completion of all data analysis. Participants were asked to rate their level 
of perceived sensation during tDCS on a visual analog scale (VAS) marked 1-10.  
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Figure 4.2. Visual representation of (a) training with a-tDCS, and (b) cross-
activation testing.  
a) Electrode montage for anodal tDCS application (during training) ‘A’ represents 
the anode and ‘C’ represents the cathode. b) Diagram of TMS during contralateral 
MVC, used to quantify cross-activation. 
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4.2.6. Transcranial magnetic stimulation and electromyography 
TMS was delivered to the right M1 using the same procedures described in study one 
(see section 3.2.8, page 69), with some minor variations: 
Recruitment curves were not used due to the time constraints associated with 
determining the immediate effects of each intervention. Instead, corticospinal 
excitability was quantified by obtaining the average peak-to-peak amplitude of 10 
MEPs delivered at a 130% AMT. The method for determining AMT was identical to 
study one. To determine cross-activation, 10 stimuli were delivered over the iM1 at 
130% AMT during MVC of the right ECR (see Figure 4.2b). MVCs were performed 
on an isokinetic dynamometer (Biodex System 4 Pro, Biodex Medical Systems, 
Shirley, USA) for a minimum of two seconds while the stimulus was being delivered. 
Adequate rest periods were provided such that the participant was able to continue to 
produce consistent force output throughout testing. To quantify SICI, 15 single-pulse 
stimuli were delivered at a stimulator output intensity that produced an MEP 
amplitude equal to 10% of Mmax. The ratio was then determined by delivering 15 
paired-pulse stimuli with a conditioning stimulus of 80% AMT, an inter-stimulus 
interval of three ms, and a test stimulus identical to the single-pulse stimuli. All stimuli 
(including cross-activation) were delivered during low level isometric contraction of 
the left wrist by maintaining a straight (180˚) wrist and fingers, equating to 5 ± 2% 
rmsEMGmax, identical to study one. Surface EMG activity was recorded with the same 
protocol described in study one (see section 3.2.8, page 69). 
4.2.7. Maximal compound waves 
Direct muscle responses (M-waves) were obtained from the left ECR muscle by 
supramaximal electrical stimulation of Erbs point. Testing procedures were identical 
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to study one (see section 3.2.9, page 70). Mmax was recorded at baseline, and 
immediately following the removal of tDCS for each condition, to ensure that there 
were no changes in peripheral muscle excitability that could influence MEP amplitude. 
4.2.8. Data analysis  
Pre-stimulus rmsEMG activity was recorded in the ECR 100 ms prior to each TMS 
stimulus. Any pre-stimulus rmsEMG that exceeded 5 ± 2% EMGmax were discarded 
and the trial repeated. The peak-to-peak amplitude of MEPs were automatically 
flagged and analysed using LabChart 7.3.6 software (ADInstruments, Bella Vista, 
NSW, Australia) and were then normalised to Mmax. The calculation of SICI was 
identical to study one (see section 3.2.10, page 71). 
4.2.9. Statistical analysis 
All data was screened with the Shapiro-Wilk test and found to be normally distributed 
(all p > 0.05) and thus parametric analyses were performed. Sample size was 
determined based on a priori power calculations to detect an effect size of 0.35 in 
strength gain, assuming a SD of 10-15% between conditions at p < 0.05 (two-tailed) 
(Tanaka et al. 2009). To provide at least 80% power, 10 participants were recruited to 
complete each of the three conditions. A split-plot in time repeated measures ANOVA 
was used to calculate the effect of each condition (ST + a-tDCS, ST + sham and a-
tDCS) on dynamic strength and the indices of cortical plasticity (excitability, cross-
activation and SICI). Univariate post-hoc analysis for each dependent measure 
followed where significant main effects were found. For all tests, the Huynh-Feldt 
correction was applied if the assumption of sphericity was violated. Alpha was set at 
p < 0.05, and all results are displayed as means ± SD. 
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4.3 Results 
4.3.1. Dynamic strength 
All dynamic strength measures refer to changes in wrist extension 1RM of the left 
(untrained) ECR, and are displayed in Figure 4.3. There was no significant difference 
in 1RM strength at baseline across the conditions (p = 0.47). Following the 
intervention, there was a main effect for time (p = 0.02), however no time by condition 
interaction was detected (p = 0.32). Mean 1RM strength increased following the ST + 
a-tDCS condition (5.72%, p = 0.01), but not following the ST + sham condition (-
0.41%, p = 0.75) or the a-tDCS condition (-0.52%, p = 0.86).  
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Figure 4.3. 1RM strength of the left ECR (mean ± SD) in kilograms.  
A significant increase in 1RM wrist extension strength was observed following the ST 
+ a-tDCS condition (5.27%, from 9.52 ± 2.67 to 10.07 ± 2.92 kg), but no significant 
change in strength occurred following the ST + sham condition (-0.41%, from 9.65 ± 
2.62 to 9.61 ± 2.70 kg) or the a-tDCS alone condition (-0.52%, from 9.56 ± 2.48 to 
9.51 ± 2.94 kg). * denotes significant time effect (p < 0.05). 
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4.3.2. Maximal compound wave and pre-stimulus rmsEMG 
Pre and post values for Mmax are displayed in Table 4.1. There was no significant 
difference in Mmax between conditions at baseline (p = 0.68) and no significant main 
effects for time, or time by condition interactions were detected (all p > 0.05). Average 
rmsEMG as a percentage of maximal voluntary EMG was calculated 100 ms prior to 
TMS stimulus trigger during all testing sessions (Table 4.1). There was no significant 
difference in pre-stimulus rmsEMG between conditions at baseline, and no main 
effects for time, or time by condition interactions were detected (all p > 0.05). 
Likewise, there was no significant difference between conditions for perception of 
tDCS as reported on a VAS 1-10 scale (p = 0.72, ST + a-tDCS; 4.11 ± 1.62, ST + 
sham; 4.01 ± 0.71, a-tDCS; 4.15 ± 1.27).  
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Table 4.1. Electrophysiological data (mean ± SD).  
 
 
 
 
Values are expressed as the average for pre and post testing sessions measured for each 
condition. SO; stimulator output. 
  
 PRE POST 
Mmax (mV) 14.94 ± 2.66 14.66 ± 2.82 
Pre-stimulus rmsEMG (% EMGmax) 5.01 ± 0.11 5.26 ± 0.24 
AMT (% SO) 26.80 ± 6.66 26.72 ± 6.69 
MEP 10% Mmax (% SO) 32.05 ± 7.91 31.95 ± 7.87 
Conditioning stimulus (% SO) 21.71 ± 4.71 21.83 ± 4.64 
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4.3.3. Corticospinal excitability 
Corticospinal excitability was determined by calculating the peak-to-peak amplitude 
of MEPs elicited at 130% AMT, and then normalised to Mmax. Mean values for 
corticospinal excitability following each condition are displayed in Figure 4.4. There 
was no significant difference in MEP amplitude at 130% AMT between conditions at 
baseline (p = 0.49). Following the intervention, there was a main effect for time (p = 
0.01), however there was no time by condition interaction (p = 0.33).  Corticospinal 
excitability increased following the ST + a-tDCS condition (17.2%, p = 0.01), and 
following the a-tDCS alone condition (15.18%, p = 0.04), but was not changed by the 
ST + sham condition (2.02%, p = 0.75). An example of MEP traces from a single 
participant elicited pre and post intervention for each condition is shown in Figure 4.5. 
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Figure 4.4. MEP amplitude (130% AMT) measured from the left ECR (mean ± SD) 
expressed as percentage of Mmax. 
A significant increase in MEP amplitude was observed following the ST + a-tDCS 
condition (17.29%, from 14.06 ± 5.70 to 16.50 ± 5.36 % Mmax) and the a-tDCS 
condition (15.15%, from 15.87 ± 6.12 to 18.28 ± 8.05 % Mmax), but not the ST + sham 
condition (2.02%, from 16.86 ± 9.14 to 17.20 ± 7.52 % Mmax). * denotes significant 
time effect (p < 0.05). 
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Figure 4.5. An example of MEP traces collected from a single participant. 
Pre (i) and post (ii) intervention MEP traces for a single participant. (A) shows the ST 
+ a-tDCS condition, (B) shows the ST + sham condition, and (C) shows the a-tDCS 
condition. Each image provides 5 representative MEPs in grey, with the average MEP 
trace for each condition in black. 
ms ms 
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m
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m
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4.3.4. Short-interval intracortical inhibition 
Changes in SICI following each condition are displayed in Figure 4.6. There was no 
significant difference in SICI between conditions at baseline (p = 0.16). A main effect 
for time (p = 0.02) was detected following the intervention, however there was no 
significant time by condition interaction (p = 0.30). A reduction in SICI was observed 
following ST + a-tDCS (-13.94%, p = 0.01), however no significant reduction in SICI 
was observed following ST + sham (-1.62%, p = 0.57) or a-tDCS alone (-8.56%, p = 
0.63). 
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Figure 4.6. SICI of the right M1 (mean ± SD) expressed as a percentage of Mmax. 
A significant decrease in SICI was observed for the ST + a-tDCS condition (-13.94%, 
from 7.14 ± 1.53 to 6.15 ± 1.81 % Mmax), but not for the ST + sham condition (-1.62% 
from 7.43 ± 0.74 to 7.31 ± 0.99 % Mmax) or the a-tDCS alone condition (-8.56% from 
6.89 ± 1.04 to 6.30 ± 0.93 % Mmax). * denotes significant time effect (p < 0.05). 
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4.3.5. Cross-activation 
MEPs were elicited during maximal contraction of the right (trained) ECR, to 
determine the effect of activity in the left M1 on corticospinal excitability of the right 
M1. Mean changes in cross-activation following each condition are displayed in Figure 
4.7. There was no significant difference in MEP amplitude for the left ECR during 
contralateral MVC between conditions at baseline (p = 0.42). Following the 
intervention, there was a main effect for time (p = 0.03), however, no time by condition 
interaction was detected (p = 0.05). An increase in cross-activation was observed 
following ST + a-tDCS (15.71%, p = 0.03), but not following ST + sham (-2.60%, p = 
0.53) or a-tDCS (8.26%, p = 0.15). 
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Figure 4.7. MEP amplitude during cross-activation (mean ± SD), expressed as 
percentage of Mmax.  
A significant increase in MEP amplitude at 130% AMT during contralateral MVC was 
observed for the ST + a-tDCS condition (15.71 %, from 22.69 ± 10.99 to 26.25 ± 11.90 
% Mmax) but not for the ST + sham condition (-2.6 %, from 24.51 ± 11.68 to 23.88 ± 
9.86 % Mmax) or the a-tDCS condition (8.26 %, from 2032 ± 8.46 to 22.00 ± 8.32 % 
Mmax). * denotes significant time effect (p < 0.05). 
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4.4. Discussion 
The primary objective of this experimental chapter was to examine the acute effects of 
a single session of unilateral strength training combined with a-tDCS applied to the 
iM1 on the strength of the untrained limb. In addition, we sought to quantify changes 
in corticospinal excitability, intracortical inhibition, and cross-activation of the iM1 
following each condition, to investigate the role of these parameters in the cross-
education of strength. The major finding was that strength of the untrained, left ECR 
increased following training of the right ECR with a-tDCS of the iM1, but not 
following training of the right ECR with sham-tDCS or a-tDCS alone. The increase in 
strength was accompanied by neuroplasticity in the iM1, including an increase in 
corticospinal excitability, a decrease in SICI, and an increase in cross-activation during 
maximal contractions of the right ECR. Although no between-condition interactions 
were demonstrated, the within-time effects warrant some discussion as to the potential 
role of a-tDCS applied over the iM1 in maximising cross-education. These findings 
may have implications for rehabilitation following single limb impairment such as 
musculoskeletal injury or stroke. 
Consistent with the hypothesis, a significant gain in strength (5.27%) was recorded 
when strength training and a-tDCS were applied together. Strength training with sham-
tDCS was not expected to increase strength of the untrained ECR, as typical cross-
education programs require at least two weeks of training, with no evidence to suggest 
functional outcomes would occur following a single session. However, it was 
surprising that a-tDCS alone did not produce an increase in strength of the left ECR. 
Previous studies have shown significant strength gains following single sessions of a-
tDCS (Hummel et al. 2006; Tanaka et al. 2009; Tanaka et al. 2011). There are several 
factors that may be responsible for the differences in these results. Firstly, some 
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previous studies reported improved muscular strength following a-tDCS in individuals 
with impaired function, not healthy individuals (Hummel et al. 2006; Tanaka et al. 
2011). Diseased populations are likely to present with a greater potential for 
improvement due to lower pre-existing performance levels, whereas healthy subjects 
may be more likely to be limited by a ceiling effect. Despite this, strength increases 
have been reported in healthy individuals following a-tDCS (Tanaka et al. 2009). In 
study one, it was noted that investigation of the non-dominant limb may reduce the 
chances of a ceiling effect on performance, and this view has been supported by other 
research (Boggio et al. 2006). In addition, it is likely that the use of the 1RM dynamic 
strength test is less sensitive than isometric strength measured on devices such as 
isokinetic dynamometers, which were used in previous research (Hummel et al. 2006; 
Tanaka et al. 2009; Tanaka et al. 2011). Furthermore, the post-intervention values for 
strength were obtained approximately 10 minutes following the cessation of a-tDCS, 
when potential strength gains may have subsided. For example, one study reported a 
20.5% increase in strength during a-tDCS of the lower limb, and while significant 
gains were still present following 30 mins, they appeared to be of a lesser magnitude 
(Tanaka et al. 2009). Other factors to be considered may include differences in the 
muscle groups investigated, and differences in parameters of the a-tDCS protocol. 
Our results indicate that the application of a-tDCS increases corticospinal excitability, 
which is consistent with previous a-tDCS studies (see Nitsche et al. 2008 for review). 
An increase in MEP amplitude was observed following both the ST + a-tDCS, and a-
tDCS alone conditions, but not following ST + sham-tDCS. Although no significant 
between-condition interaction was present, the within-effects warrant further 
discussion. Application of a-tDCS to the iM1 during unilateral strength training 
produced a main effect for both an increase in corticospinal excitability and strength 
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of the contralateral untrained limb is noteworthy. On this basis, the current findings 
show some potential for combining unilateral strength training and a-tDCS in short 
term training programs to further exploit adaptations in the iM1, with the view to 
producing longer lasting neurological and functional outcomes that may be relevant 
for rehabilitation purposes. It was somewhat disappointing that the combination of 
strength training and a-tDCS produced only marginally greater increases in MEP 
amplitude than a-tDCS alone (17.29% and 15.15% respectively). It was hypothesised 
that the combined effect of a-tDCS and high intensity contractions of the right ECR 
may further increase corticospinal excitability of the iM1. This is based upon the 
increase in cross-activation and decrease in SICI, which may allow disinhibition of 
corticospinal neurons, thereby increasing the efficacy of descending neural 
transmission. While the present results indicate that combining a-tDCS and unilateral 
strength training does not produce a cumulative effect on MEP size following a single 
bout of training, it does not rule out the potential for such an effect to occur following 
multiple sessions as part of a strength training program. 
Cross-activation of the ipsilateral M1 was present both before and after all three 
conditions, i.e.; when MVCs were performed with the right ECR, MEP amplitudes 
recorded from the left ECR were greater than those recorded while the right ECR 
remained at rest. Cross-activation occurred in the absence of any change in pre-
stimulus rmsEMG of the left ECR (i.e. no mirror activity was present). This is 
consistent with previous TMS studies, which have reported greater MEP amplitudes 
in the inactive muscle during high intensity contractions of the opposite limb, despite 
comparable or matched pre-stimulus EMG (Hortobágyi et al. 2003; Perez & Cohen 
2008; Zijdewind et al. 2006). Interestingly, the magnitude of cross-activation was 
greater following a single strength training session of the right ECR performed during 
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a-tDCS of the iM1. Although this increase was only a within-effect, it should be noted 
that when strength training was performed with sham-tDCS, or when a-tDCS was 
performed alone, similar pre-intervention levels of cross-activation remained present, 
but were not significantly enhanced following training. This was somewhat surprising, 
as previous research has suggested that cross-activation increases as muscles become 
fatigued (Arányi & Rösler 2002), which was expected to occur following the high 
intensity strength training protocol used in this study. However, a limitation to this 
interpretation is that maximum dynamic strength of the right (trained) ECR was not 
recorded following the training intervention, thus the effect of muscular fatigue 
following each condition could not be directly quantified. Despite this, our results 
suggest that the strength training session may not have produced sufficient fatigue to 
cause an increase in cross-activation. It can therefore be speculated that the increase in 
cross-activation observed following strength training with a-tDCS may be a result of 
a cumulative effect on the iM1, induced via multiple neural pathways. For example, 
the application of a-tDCS is reported to modulate superficial neural circuits, specific 
to the site of stimulation, by altering membrane polarity and increasing synaptic 
efficacy (Nitsche et al. 2003a; Nitsche & Paulus 2001; Liebetanz et al. 2002). On the 
other hand, strength training of the right ECR is likely to produce use-dependent 
neuroplasticity in the iM1 via increased corticospinal excitability, reduced SICI, and a 
reduction in IHI from the cM1 to the iM1 (Hortobágyi et al. 2011; Hortobágyi et al. 
2003; Howatson et al. 2011; Perez & Cohen 2008). Observations in the present study 
provide evidence to suggest that the combination of the use-dependent and 
experimentally-induced neuroplasticity models may provide greater adaptive 
outcomes when applied in conjunction, rather than independently.  
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Once again, a significant reduction in SICI was only observed following strength 
training with a-tDCS, in the absence of any between-condition interactions. 
Nonetheless, the combination of a-tDCS with strength training did appear to modulate 
a release of SICI, which is a novel finding. However, it was perplexing that SICI 
remained unchanged following the a-tDCS condition, which is in contrast to previous 
findings (Hummel et al. 2005; Nitsche et al. 2005; Edwards et al. 2009). Reductions 
in SICI reported following a-tDCS are believed to be a result of changes in NMDA 
and GABA receptor efficacy (Liebetanz et al. 2002; Kujirai et al. 1993). It is difficult 
to draw direct comparisons between our findings and previous research due to 
differences in tDCS and TMS stimulation protocols, such as longer a-tDCS 
interventions, and varied methods for calculating conditioning and test stimulus 
intensities during TMS (Hummel et al. 2005; Nitsche et al. 2005; Edwards et al. 2009). 
All previous studies reporting a reduction in SICI used lower intensity a-tDCS (1 mA), 
which are more likely to target superficial inhibitory neurons, whereas higher intensity 
stimulation (2 mA used in the present study) may have a greater effect on deeper 
pyramidal neurons, potentially masking the effect of inhibitory circuits (Purpura & 
McMurtry 1965).  
Similarly, previous findings indicate that muscle contractions reduce SICI in order to 
facilitate movement (Ridding, Taylor & Rothwell 1995). Greater voluntary drive has 
been shown to produce greater reductions in SICI (Rantalainen et al. 2013; Zoghi & 
Nordstrom 2007), and a long lasting reduction in SICI has been reported following 
several weeks of high intensity strength training (Weier, Pearce & Kidgell 2012). 
Evidence suggests that these reductions in SICI occur not only in the cM1, but also in 
the iM1 during high intensity contractions (Perez & Cohen 2008), directly following 
ballistic motor practice (Hinder, Carroll & Summers 2013), and several days after a 
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four week heavy load training program (Goodwill, Pearce & Kidgell 2012). As such, 
it was hypothesised that the strength training with sham-tDCS condition would 
produce a significant reduction in SICI, however this was not the case. It is possible 
that the strength training protocol used in the present study, consisting of a total of 24 
repetitions (compared to the ballistic practice protocol requiring up to 300 repetitions) 
did not produce sufficient bilateral activity to significantly affect SICI in the iM1. The 
fact that SICI was significantly reduced only when the strength training and a-tDCS 
conditions were combined again suggests that a cumulative effect of separate neural 
mechanisms (i.e. experimentally-induced and use-dependent neuroplasticity) may be 
responsible for this finding.  
There are several limitations to the present study that must not be overlooked when 
interpreting the results.  First, the application of a-tDCS via 5 x 5 cm electrodes results 
in a somewhat widespread area of stimulation, which may extend beyond the intended 
target of the iM1 (Nitsche et al. 2008), potentially influencing the pre-motor and 
supplementary motor areas. Therefore, the possibility that increased activation of brain 
areas outside the M1 contribute to the observed increase in strength cannot be 
excluded. Also, the measurement of strength using a 1RM test, although providing a 
functional and training specific representation of strength, lacks the sensitivity of 
strength testing with isokinetic dynamometry. In addition, there is good evidence that 
the corticospinal responses to a-tDCS evolve over time, and may remain elevated for 
up to 90 minutes (Nitsche & Paulus 2000), leaving a possibility that meaningful 
findings may have gone undetected due to the fact that time course measures were not 
obtained. These limitations, along with the relatively small sample size tested and high 
variability in individual responses to tDCS, may contribute to the lack of interaction 
effects observed in this study. Despite this, the within main effects observed following 
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the strength training and a-tDCS condition is a new and important finding regarding 
the benefits of combining tDCS with motor training. 
4.5. Conclusion 
This study found that unilateral strength training of the right ECR combined with a-
tDCS of the iM1 produced a significant increase in functional strength of the 
contralateral, untrained ECR muscle. The strength gain observed was accompanied by 
the modulation of the iM1, including; an increase in corticospinal excitability, a 
reduction in SICI, and an increase in cross-activation during MVC of the right ECR. 
Taken together, these results provide some preliminary evidence for the potential role 
of the iM1 contributing to the cross-education of strength when a-tDCS is applied 
during unilateral strength training. Although no interactions were observed, the 
important within effects of a-tDCS applied to the iM1 suggest that a cumulative effect 
of experimentally-induced neuroplasticity (from a-tDCS) and use-dependent 
neuroplasticity (from strength training) may be responsible for our findings. Given the 
acute outcomes observed following this single session of unilateral strength training 
combined with a-tDCS, further investigation in to the efficacy of a-tDCS application 
to enhance cross-education across a longer duration strength training program is 
warranted, and will be explored in study three (chapter five).  
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CHAPTER FIVE: STUDY THREE  
Anodal tDCS prolongs the cross-education of strength and corticospinal 
plasticity. 
Adapted from: Hendy AM, Teo, W-P and Kidgell DJ, ‘Anodal tDCS prolongs the 
cross-education of strength and corticomotor plasticity’, Medicine and Science in 
Sports and Exercise. Accepted November 2014. 
Abstract 
Aim: To assess the efficacy of applying a-tDCS to the iM1 during unilateral training 
to enhance the neuroplastic and functional effects of cross-education across a two week 
strength training program. Methods: 24 participants were randomly allocated to either 
the ST + a-tDCS, ST + sham, or a-tDCS group. Strength training of the right BB (4 x 
6 repetitions at 80% 1RM) was performed three times per week, with a-tDCS (1.5 mA) 
or sham-tDCS was applied to the iM1 for 15 minutes during training. Outcome 
measures included 1RM strength of the untrained BB, and corticospinal excitability, 
cross-activation and SICI of the iM1. Results: Immediately following the final training 
session, there was an increase in strength for both the ST + a-tDCS and the ST + sham 
group (12.5% and 9.4% respectively, both p < 0.02), accompanied by increased MEP 
amplitude and decreased SICI for both groups. Following the 48 hour retention period, 
strength increase was only maintained in the ST + a-tDCS group, which was 
significantly greater than the ST + sham group (p = 0.04). Similarly, increases in MEP 
amplitude and decreases in SICI were maintained in the ST + a-tDCS group, but not 
the ST + sham group. No main effects were reported for the a-tDCS group. 
Conclusion: The application of a-tDCS to the iM1 during unilateral strength training 
prolongs the benefits of cross-education, which may have significant implications for 
enhancing rehabilitation outcomes following single limb injury or impairment. 
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5.1. Introduction 
Cross-education is a well-studied phenomenon that has been observed in a range of 
muscle groups following various types of motor training, including heavy load 
strength training (Goodwill, Pearce & Kidgell 2012; Latella, Kidgell & Pearce 2012; 
Munn et al. 2005), ballistic motor tasks (Carroll et al. 2008; Lee et al. 2010; Hinder, 
Carroll & Summers 2013), and electrically stimulated contractions (Hortobágyi et al. 
1999; Zhou, Oakman & Davie 2002). Cross-education has gained scientific interest 
due to its potential to minimise strength loss and enhance recovery in patients suffering 
single limb injury or impairment (Farthing & Zehr 2014; Ruddy & Carson 2013). 
Given the clinical relevance of strength transfer, it seems logical to investigate the 
possibility of maximising the magnitude of strength gain in the untrained limb in order 
to attain greater therapeutic benefits. 
In study two, we investigated the potential for up-regulating neuroplasticity and 
strength gain in the untrained limb by applying a-tDCS to the iM1 during a single bout 
of unilateral strength training. The combination of strength training and a-tDCS 
produced a significant gain in strength of the untrained limb, accompanied by a 
reduction in SICI and an increase in cross-activation that was not observed when 
strength training or a-tDCS was applied independently. These findings support 
previous observations of use-dependent neuroplasticity in the iM1 during unilateral 
contractions (Hortobágyi et al. 2003; Perez & Cohen 2008; Zijdewind et al. 2006), and 
provide novel evidence to suggest use-dependent neuroplasticity and functional 
strength gains in the untrained limb may be augmented by the external application of 
experimentally-induced neuroplasticity via a-tDCS. Findings from study one also 
supplement this, demonstrating that the combination of strength training and a-tDCS 
across repeated sessions has a favourable effect on neuroplasticity of the cM1, despite 
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a lack of performance gains, which was possibly due to a ceiling-like effect in the 
trained limb. 
Importantly, longer lasting adaptive changes in the iM1 accompanying cross-
education of strength have been reported following short to moderate term (3-12 
weeks) unilateral strength training studies (Goodwill, Pearce & Kidgell 2012; Kidgell, 
Stokes & Pearce 2011; Hortobágyi et al. 2011; Latella, Kidgell & Pearce 2012; Lee, 
Gandevia & Carroll 2009). Increases in corticospinal excitability (Goodwill, Pearce & 
Kidgell 2012; Hortobágyi et al. 2011; Kidgell, Stokes & Pearce 2011) and voluntary 
activation (Lee, Gandevia & Carroll 2009) of the untrained limb have been reported 
several days after the completion of strength training programs. The majority of short 
term strength training studies typically report post intervention outcome measures 48-
72 hours after the completion of the final training session, to allow for full recovery 
(Kidgell, Stokes & Pearce 2011; Lee, Gandevia & Carroll 2009). In contrast, studies 
examining changes in corticospinal excitability and motor performance following 
tDCS often record only acute responses, typically collecting data between 0-90 
minutes following stimulation (Nitsche & Paulus 2001; Fricke et al. 2011). To our 
knowledge, the quantification of both immediate and lasting responses to strength 
training combined with a-tDCS has not been investigated. 
Given that use-dependent neuroplastic changes in the iM1 appear to play a role in 
mediating the cross-education of strength, and the concurrent application of a-tDCS 
during unilateral training may augment neuroplasticity and strength, it was postulated 
that the combination of these two procedures delivered across repeated sessions may 
produce a compounding effect. Therefore, the purpose of this study was to determine 
if the application of a-tDCS to the iM1 during a two week unilateral training program 
of the elbow flexors would facilitate cross-education and neuroplasticity beyond that 
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of strength training with sham-tDCS or a-tDCS alone. In a novel approach, the effect 
of each intervention was measured immediately following the final training session 
(‘post’), and following a 48 hour rest period (‘retention’). It was hypothesised that the 
combination of a-tDCS and strength training would result in greater magnitudes of 
cross-education than either strength training or a-tDCS applied independently. 
Furthermore, it was hypothesised that the combination of strength training and a-tDCS 
would produce a cumulative effect on neuroplasticity, including greater increases in 
corticospinal excitability and cross-activation, and a larger release of SICI.  
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5.2. Methods 
5.2.1. Participants 
A total of 24 participants were selected on a voluntary basis (9 male, 15 female, 
average age: 25.8 years, height: 170.6cm, weight: 67.1kg). Participants were right 
hand dominant, as determined by a score of > 80 on the Edinburgh Handedness 
Inventory. All participants were free from any known history of peripheral or 
neurological impairment, and had not participated in strength training of the upper 
body for a minimum of 12 months prior to participation. Written informed consent was 
obtained prior to participation in the study, which was approved by the Deakin 
University Human Research Ethics Committee. All experiments were conducted 
according to the standards established by the Declaration of Helsinki. Copies of the 
participant information, handedness and TMS safety screening questionnaires can be 
found in the appendices (page 190). 
5.2.2. Organisation of the study 
The study was carried out as a double blinded pseudo-randomised controlled trial 
with three experimental groups:  
1) Strength training of the right BB during a-tDCS of the iM1 (ST + a-tDCS) 
2) Strength training of the right BB during sham-tDCS of the iM1 (ST + sham) 
3) Anodal tDCS of the right M1 during seated rest (a-tDCS).  
All participants attended a familiarisation session prior to the commencement of the 
study to minimise the effect of learning. An external investigator then allocated 
participants to an experimental group based upon gender, age and body weight. 
Double-blinding was achieved by a coding function built in to the device, with de-
coding occurring only after the completion of all data analysis Outcome measures 
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included: 1RM strength of the left and right BB, corticospinal excitability at 130% 
AMT and 150% AMT, SICI, and corticospinal excitability during cross-activation (all 
TMS stimuli delivered to the right M1 and recorded from the left BB). Pre-testing took 
place no longer than 24 hours prior to the first training session, post-testing took place 
immediately after the final training session (with all outcome measures obtained within 
30 minutes of tDCS cessation), and retention testing took place 48 hours after the 
completion of the final training session. A total of six training sessions were performed 
over a two week period, with no more than two days rest between training sessions. 
The two week duration of the intervention was designed to capture the period in which 
the greatest neuroplastic adaptations occur, with minimal contribution from 
morphological factors. The BB was chosen as the muscle of interest (rather than the 
ECR, which was studied in chapters three and four) in order to reduce the potential 
confounding effect that occurs from incidental activities that may influence the 
training status of the muscle. An outline of the testing and training protocol is shown 
in Figure 5.1  
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Figure 5.1. Organisation of study three.
Week 1 Week 2 
Training sessions (6) Post-test 
Retention 
Day:  1      2      3      4      5      6       7      8       9     10    11   12    13     14    15 
48hrs 
Pre-Test 
Random   group 1: ST + a-tDCS 
allocation  group 2: ST + sham 
   group 3: a-tDCS  
Training sessions 
x 4 sets of 6 bicep curls with the right arm at 80% 
1RM (group 1 and 2)  
or rest while seated (group 3) 
 
x 15 mins a-tDCS at 1.5 mA (group 1 and 3) 
or sham tDCS (group 2) 
 
x Mirror EMG recorded from left (inactive) BB 
during training session (all groups) 
Testing sessions 
x Mmax (left BB) 
x 10 x single-pulse TMS at 130% AMT 
x 10 x single-pulse TMS at 150% AMT 
x 10 x single-pulse TMS to produce MEP amplitude 
equal to 10% Mmax 
x 10 x paired-pulse TMS to determine SICI  
(CS = 80% AMT, ISI = 3ms) 
x 10 x single-pulse TMS at 130% AMT to determine 
cross-activation (during right BB MVC) 
x 1RM strength (left and right BB) 
Pre-stimulus EMG recorded before each stimulus 
All TMS delivered to right M1 (iM1) 
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5.2.3. Dynamic strength testing protocol 
Maximal voluntary dynamic strength of both the right and left BB was determined 
with a standard unilateral 1RM test, performed with an adjustable weighted dumbbell. 
Participants performed the test while standing in the anatomical position. The 
dumbbell was placed in the palm of the participants’ hand, and they were instructed to 
grasp the dumbbell and perform a single bicep curl (elbow flexion) without movement 
of the abdomen or altering of posture. A successful trial required the participant to lift 
the dumbbell throughout full range elbow flexion. The starting weight was estimated 
by the researcher, and increased in increments of 0.25 kg (or greater if appropriate) 
until the participant could no longer perform a successful trial. A light warm up was 
performed prior to testing, which allowed for accurate estimation of starting weight. 
Testing was performed unilaterally, with testing order randomised between limbs. 
Verbal encouragement was provided during all attempts, and each trial was separated 
by a three minute recovery period. 
 5.2.4. Strength training protocol 
Participants allocated to the ST + a-tDCS and the ST + sham groups participated in 
strength training of the right BB three times per week over the two week intervention 
(six sessions total). Participants were required to perform 4 sets of 6 standard bicep 
curls with a dumbbell weighted at 80% of their 1RM, with three minutes recovery 
between sets. Repetition timing, progressive overload, supervision and encouragement 
was identical to study one (see section 3.2.5, page 66). Participants were instructed to 
relax the left (untrained) BB at all times, and EMG was recorded to ensure no mirror 
activity was present. Figure 5.2. provides an example of a participant performing 
strength training.  
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Figure 5.2. An example of a participant performing strength training. 
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5.2.5. Anodal tDCS protocol 
The ST + a-tDCS and a-tDCS groups received a-tDCS using the same procedures 
described in study one and two (see section 3.2.6, page 68) with some minor variations. 
Stimulation was delivered to the right M1 at the site corresponding with the left BB, 
at an intensity of 1.5 mA (producing a current density of 0.06 mA/cm2). This intensity 
was chosen due to recent evidence that it may optimise motor learning outcomes 
(Cuypers et al. 2013). Stimulation was applied for a duration of 15 minutes, 
commencing at the same time as strength training and concluding approximately one 
minute following the completion of the final set of contractions. 
5.2.6. Transcranial magnetic stimulation and electromyography 
Focal TMS was delivered to the right M1, evoking MEPs in the left BB, at three time 
points (pre, post, and retention). The same TMS procedures described in study one 
were employed (see section 3.2.8, page 69), with some minor variations: 
Background muscle activity equating to 5 ± 2% of rmsEMG was achieved by 
supinating the hand and maintaining 90 degrees of elbow flexion. Joint angle was 
measured with an electromagnetic goniometer (ADInstruments, Bella Vista, 
Australia), with visual feedback provided on a screen visible to both the participant 
and the researcher. Quantification of corticospinal excitability, SICI and cross-
activation were identical to study two (see section 4.2.6, page 98). 
Surface EMG activity was recorded using the same protocol described in study one 
(section 3.2.8, page 69), with electrodes placed on the left BB with an inter-electrode 
distance of 2 cm and a muscle belly-tendon montage. A grounding strap placed around 
the wrist was used as a common reference for all electrodes.  
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5.2.7. Maximal compound waves 
Direct muscle responses were obtained from the left BB using testing procedures 
identical to study one (see section 3.2.9, page 70). Mmax was recorded prior to TMS in 
all testing sessions (pre, post, and retention), and used to normalise MEP responses to 
ensure that no changes in peripheral muscle excitability influenced MEP amplitude. 
5.2.8. Data analysis 
Pre-stimulus rmsEMG activity was determined 100 ms prior to each TMS stimulus 
during each testing session, with responses exceeding 5 ± 2% maximal rmsEMG 
discarded and repeated. The peak-to-peak amplitude of MEPs and calculations for 
SICI was determined using the procedures described in study one (see section 3.2.10, 
page 71). 
5.2.9. Statistical analysis 
All data was screened with Shapiro-Wilk and Kolmogorov-Smirnov tests and found 
to be normally distributed (all p > 0.05). Mixed factorial ANOVA appropriate for a 
three groups by three time points design, comparing multiple outcome measures in the 
untrained BB (1RM strength, pre-stimulus EMG, corticospinal excitability, SICI and 
cross-activation). The number of participants required was based on power 
calculations to detect a 19% difference (effect size of 0.3) in strength performance 
assuming a SD of 10% between groups at p < 0.05 (two-tailed) (Kidgell, Stokes & 
Pearce 2011).  Based upon the a priori power analysis, 8 participants per group were 
recruited to provide at least 80% power. Univariate and post-hoc (Fishers LSD) 
analysis for each dependent measure followed where significant multivariate effects 
were found. SPSS version 21 was used for all statistical analyses, with the level of 
significance used for all tests set at p < 0.05. All data is presented as mean ± SD. 
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5.3 Results 
 5.3.1. Dynamic strength 
1RM Strength of the left (untrained) BB is displayed in Figure 5.3. There was no 
significant difference in 1RM strength of the left BB between groups at baseline (p = 
0.23). A main effect for time (F(1,23) = 46.81, p < 0.01) and group by time interaction 
(F(1,23) = 10.76, p < 0.01) was detected. Post-hoc analysis revealed a greater increase 
in mean 1RM strength for both the ST + a-tDCS group (p < 0.01) and the ST + sham 
group (p = 0.01) when compared to the a-tDCS group immediately following the final 
training session. At retention, strength increase for the ST + a-tDCS group was 
maintained, and was significantly greater than both the ST + sham group (p = 0.04) 
and the a-tDCS only group (p < 0.01).  
1RM strength of the right (trained) BB is displayed in Table 5.1. A significant time 
effect was detected (F(1,23) = 10.717, p < 0.01). The mean 1RM for the ST + a-tDCS 
group increased by 12.99% (p < 0.01), and the ST + sham group increased by 10.18% 
(p = 0.01) following the training program (measured at retention). No group by time 
interactions were reported.  
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Figure 5.3. Percentage change in 1RM strength of the left (untrained) BB (mean ± 
SD). 
Immediately following the final training session, there was an increase in 1RM 
strength for the ST + a-tDCS group (12.51%) and the ST + sham group (9.40%), but 
not the a-tDCS group (1.34%). At retention, 1RM strength increase was maintained 
for the ST + a-tDCS group (13.01%) and the ST + sham group (7.59%), but not the a-
tDCS group (0.89%). * represents a significant time effect (p < 0.05). † represents a 
significant difference from the a-tDCS group (group by time interaction, p < 0.05). # 
represents a significant difference from the ST + sham group (group by time 
interaction, p < 0.05). 
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Table 5.1. Raw values for primary outcome measures (mean ± SD). 
  ST + a-tDCS ST + sham a-tDCS 
Left BB 1RM Pre 12.59 ± 5.6 10.38 ± 4.0 13.48 ± 6.1 
(kg) Post 14.16 ± 5.9*† 11.35 ± 4.2*† 13.66 ± 5.7 
 Retention 14.23 ± 6.0*†# 11.16 ± 4.3* 13.60 ± 5.8 
     
Right BB 1RM Pre 13.09 ± 6.3 10.81 ± 4.3 13.82 ± 6.4 
(kg) Post 13.60 ± 6.2 11.23 ± 3.4 14.01 ± 6.0 
 Retention 14.79 ± 6.2* 11.91 ± 4.0* 13.94 ± 6.0 
     
MEP amplitude Pre 8.90 ± 4.6 10.32 ± 6.3 8.39 ± 4.0 
130% AMT  Post 11.93 ± 5.0*† 13.50 ± 8.6* 9.19 ± 4.0 
(% Mmax) Retention 10.89 ± 5.2*† 11.00 ± 6.6 8.38 ± 3.9 
     
MEP amplitude Pre 13.48 ± 7.5 18.48 ± 8.6 13.60 ± 5.4 
150% AMT  Post 17.11 ± 8.2* 23.50 ± 11.1* 15.79 ± 7.3 
(% Mmax) Retention 16.78 ± 7.7* 20.91 ± 10.7* 14.30 ± 4.8 
     
SICI Pre 6.08 ± 1.5 6.09 ± 2.5 4.84 ± 1.5 
(ratio) Post 3.96 ± 1.8*† 4.47 ± 1.2* 4.39 ± 1.4 
 Retention 4.22 ± 1.5*†# 5.53 ± 2.6 4.49 ± 1.5 
     
MEP amplitude Pre 12.89 ± 6.3 13.41 ± 8.0 8.59 ± 2.4 
cross-activation Post 17.75 ± 9.2* 18.48 ± 13.3* 10.22 ± 3.1 
(% Mmax) Retention 16.00 ± 8.9* 16.25 ± 8.7* 9.57 ± 3.0 
* represents a significant time effect (p < 0.05). † represents a significant difference 
from the a-tDCS group (group by time interaction, p < 0.05). # represents a significant 
difference from the ST + sham group (group by time interaction, p < 0.05). 
 
  
 135 
 
5.3.2. Pre-stimulus rmsEMG 
Pre-stimulus rmsEMG was recorded before each MEP, including the cross-activation 
protocol, to ensure consistent levels of muscle activation during TMS. Mean pre-
stimulus rmsEMG is reported in Table 5.2. No time effect (F(1,23) = 0.16, p = 0.85) or 
group by time interaction (F(1,23) = 1.68, p = 0.17) was detected.
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Table 5.2. Raw values for secondary outcome measures and participant details (mean 
± SD). 
 
  
  ST + a-tDCS ST + sham a-tDCS 
AMT (%SO) Pre 37 ± 4 32 ± 5 32 ± 7 
 Post 37 ± 4 32 ± 5 32 ± 7 
 Retention 37 ± 4 32 ± 5 32 ± 7 
     
Mmax (mV) Pre 24.44 ± 5.2 27.16 ± 5.3 25.65 ± 4.2 
 Post 24.58 ± 4.4 25.88 ± 4.8 28.00 ± 5.7 
 Retention 23.83 ± 5.6 26.01 ± 6.2 27.73 ± 5.7 
     
Pre-stimulus  Pre 4.35 ± 1.5 3.15 ± 1.0 4.17 ± 1.9 
EMG Post 3.68 ± 0.7 4.02 ± 1.1 4.29 ± 1.1 
(% EMGmax) Retention 3.83 ± 1.7 3.35 ± 0.6 4.41 ± 1.0 
     
Mirror EMG Week 1 0.06 ± 0.0 0.07 ± 0.1 0.07 ± 0.0 
(% EMGmax) Week 2 0.10 ± 0.1 0.07 ± 0.1 0.09 ± 0.0 
     
Height (cm)  170.88 ± 9.0 168.63 ± 8.8 172.38 ± 9.5 
Weight (kg)  66.50 ± 15.7 66.75 ± 11.3 68.13 ± 7.2 
Age (years)  26.13 ± 3.9 24.75 ± 4.0 26.38 ± 3.0 
Sex (M:F ratio)  (3:5) (3:5) (3:5) 
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5.3.3. Corticospinal excitability 
MEP amplitude at 130% AMT is displayed in Figure 5.4a. There was no significant 
difference in MEP amplitude at 130% or 150% AMT between groups at baseline (p = 
0.77 and p = 0.32 respectively). A main effect for time (F(1,23) = 13.92, p < 0.01) and 
group by time interaction (F(1,23) = 6.27, p = 0.01) was detected. Post-hoc analysis 
revealed a significantly greater increase in mean MEP amplitude for the ST + a-tDCS 
group when compared to the a-tDCS group immediately following the intervention (p 
= 0.02), that was maintained at retention (p = 0.01). An example of MEP traces elicited 
at 130% AMT for a single participant is shown in Figure 5.5. 
MEP amplitude at 150% AMT is displayed in Figure 5.4b. A main effect for time 
(F(1,23) = 18.06, p < 0.01) was detected. There was a significant increase in MEP 
amplitude for both the ST + a-tDCS group and the ST + sham group immediately 
following training (both p = 0.01) that was sustained at retention (p < 0.01 and p = 
0.02 respectively). There was a non-significant trend for an increase in MEP amplitude 
for the a-tDCS group immediately following the final training session (p = 0.06). No 
group by time interactions were detected. 
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Figure 5.4. Percentage change in MEP amplitude at (a) 130% and (b) 150% AMT (mean ± SD). 
a) Immediately following the final training session, there was an increase in MEP amplitude at 130% AMT for both the ST + a-tDCS group (34.04%) 
and the ST + sham group (30.81%), but not the a-tDCS group (9.54%). At retention, the increase in MEP amplitude was maintained for the ST + a-tDCS 
group (22.36%), but not the ST + sham group (6.59 %). b) Immediately following the final training session, there was an increase in MEP amplitude at 
150% AMT for both the ST + a-tDCS group (26.93%) and the ST + sham group (27.16%), but not the a-tDCS group (16.10%). At retention, the increase 
in MEP amplitude was maintained for both the ST + a-tDCS group (24.48%) and the ST + sham group (13.15 %), but not the a-tDCS group (5.15%). * 
represents a significant time effect (p < 0.05). † represents a significant difference from the a-tDCS group (group by time interaction, p < 0.05). 
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Figure 5.5. An example of MEP traces collected from a single participant in the ST + a-tDCS group at pre (a), post (b), and retention (c) time points. 
Each image provides 5 representative MEPs elicited at 130% AMT for each time point in grey, with the average MEP trace for each time point in 
black.
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5.3.4. Short-interval intracortical inhibition 
Values for SICI are displayed in Figure 5.6. There was no significant difference in 
SICI between groups at baseline (p = 0.45). A main effect for time (F(1,23) = 16.54, p < 
0.01) and group by time interaction (F(1,23) = 3.02, p = 0.02) was detected. Post-hoc 
analysis revealed a significantly greater decrease in mean SICI for the ST + a-tDCS 
group (p = 0.03) when compared to the a-tDCS group immediately following the final 
training session. At retention, the reduction in SICI for the ST + a-tDCS group was 
maintained, and was significantly greater than both the ST + sham group (p = 0.01) 
and the a-tDCS group (p = 0.01). 
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Figure 5.6. Percentage change in SICI (mean ± SD). 
Immediately following the final training session, there was a decrease in SICI for the 
ST + a-tDCS group (-34.87%) and the ST + sham group (-26.60%), but not the a-tDCS 
group (-9.30%). At retention, the decrease in SICI was maintained in the ST + a-tDCS 
group (-30.59%), but not the ST + sham group (-9.20%) or the a-tDCS group (-7.23%). 
* represents a significant time effect (p < 0.05). † represents a significant difference 
from the a-tDCS group (group by time interaction, p < 0.05). # represents a significant 
difference from the ST + sham group (group by time interaction, p < 0.05). 
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5.3.5. Cross-activation 
MEP amplitude during cross-activation is displayed in Figure 5.7. There was no 
significant difference in cross-activation between groups at baseline (p = 0.24). A main 
effect for time (F(1,23) = 14.03, p < 0.01) was detected. There was a significant increase 
in cross-activation MEP amplitude for both the ST + a-tDCS group and the ST + sham 
group immediately following the final training session (both p < 0.01) that was 
maintained at retention (p < 0.01 and p = 0.01 respectively). No group by time 
interactions were detected. 
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Figure 5.7. Percentage change in MEP amplitude during cross-activation (mean ± 
SD). 
Immediately following the final training session, there was an increase in MEP 
amplitude during cross-activation for both the ST + a-tDCS group (37.70%) and the 
ST + sham group (37.81%), but not the a-tDCS group (18.98%). At retention, the 
increase in MEP amplitude was maintained for both the ST + a-tDCS group (24.18%) 
and the ST + sham group (21.18%), but not the a-tDCS group (11.41%). * represents 
a significant time effect (p < 0.05). 
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5.4. Discussion 
This study demonstrated that two weeks of unilateral strength training combined with 
the application of a-tDCS to the iM1 produced a significant gain in strength of the 
untrained limb, accompanied by an increase in corticospinal excitability and a decrease 
in intracortical inhibition, with benefits remaining present for at least 48 hours. An 
increase in strength of the untrained BB, and neuroplasticity in the iM1 was also 
reported following strength training with sham-tDCS, but not following a-tDCS alone. 
Importantly, the magnitude of strength gain in the untrained BB and neuroplasticity in 
the iM1 appears to be maintained for a longer duration when strength training and a-
tDCS are combined, providing a significantly greater benefit in the days following 
training than strength training alone. These findings may have significant implications 
for enhancing rehabilitation outcomes following single limb injury or impairment. 
A significant time effect for strength increase for both the trained and the untrained 
BB was observed following strength training with a-tDCS and strength training with 
sham-tDCS, but not following a-tDCS without training. Immediately following the 
final training session, strength gain in the untrained BB was similar for both strength 
training groups, regardless of the application of anodal or sham tDCS. The unique 
aspect of the current study was that the magnitude of strength gain in the untrained 
limb was maintained when strength training was combined with a-tDCS, providing a 
significantly greater benefit for the ST + a-tDCS group 48 hours following the final 
training session. This indicates that the application of a-tDCS assisted with the 
retention of strength transfer, which may otherwise be reduced within two days of 
completing short term strength training. Many studies investigating the potential for 
performance benefits following a-tDCS combined with motor practice focus on the 
period directly following stimulation (typically 0-90 minutes), however, our results 
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demonstrate that greater benefits may be observed in the days following the 
intervention, particularly when repeated sessions of training and stimulation are 
performed. Interestingly, these findings support previous evidence that a-tDCS may 
enhance skill acquisition over multiple days via an effect on consolidation (Reis et al. 
2009). Reis et al. (2009) examined the effects of five sessions of a-tDCS and fine motor 
skill practice on consecutive days and found that a-tDCS appeared to enhance ‘offline’ 
motor learning, in the period between the practice sessions, rather than ‘online’ motor 
learning during the practice sessions. Similarities between skill training and strength 
training, particularly the early stages of strength training that can be targeted in 
programs with a  duration of 2-3 weeks, have been frequently noted in previous studies 
(Carroll, Riek & Carson 2001b; Carroll et al. 2001; Weier, Pearce & Kidgell 2012). 
Despite differences between strength and skill training tasks, this suggests that learning 
the skilful requirements of a maximal bicep curl (i.e. effective activation of agonists 
and synergists, and reduced antagonist co-activation) may have been enhanced in the 
group receiving a-tDCS. Since the within session effects were not directly investigated 
in the present study, this observation remains somewhat speculative, but certainly 
warrants consideration in future research. 
When a-tDCS was applied to the right M1 independently (while the right limb rested), 
no significant strength gain was observed in the left BB. Although previous studies 
have shown increases in muscular force (Tanaka et al. 2009) and endurance 
(Cogiamanian et al. 2007; Williams, Hoffman & Clark 2013) following single 
applications of a-tDCS, results from this study do not support the use of a-tDCS alone 
to improve muscular strength in gross motor tasks for healthy individuals. These 
findings instead suggest that the application of a-tDCS may only produce functional 
benefits when the corticospinal tract is concurrently targeted by multiple stimuli, i.e. 
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when plasticity induced by a-tDCS is accompanied by use-dependent plasticity from 
activating the corticospinal tract to the opposite limb. It is possible that the use of a-
tDCS alone may have more favourable effects in participants suffering from motor 
impairments or the detrimental effects of ageing, where a ceiling effect is less likely 
to occur, and may have a stronger effect on fine and dexterous skills, rather than gross 
motor tasks (Hummel et al. 2010).  
In general, the mean strength gain in the untrained limb was reasonably well matched 
with increases in corticospinal excitability and decreases in SICI. When strength 
training was performed with sham tDCS, an increase in MEP amplitude and decrease 
in SICI of the untrained corticospinal tract was present immediately following the final 
training session, with values returning to pre-intervention levels following the 48 hour 
retention period. However, the addition of a-tDCS to the iM1 during training sessions 
appeared to prolong the neuroplastic effects of strength training, with the increase in 
MEP amplitude and decrease in SICI maintained for the 48 hour retention period in 
the ST + a-tDCS group only. This further supports the concept that a-tDCS may play 
a role in the consolidation of skilled motor tasks, and may contribute to the prolonged 
enhancement of strength that was observed for the untrained limb following the two 
week training program.  
Increases in corticospinal excitability of the untrained corticospinal tract have recently 
been reported in the cross-education literature (Goodwill, Pearce & Kidgell 2012; 
Hortobágyi et al. 2011; Kidgell, Stokes & Pearce 2011). Such changes are generally 
attributed to increased synaptic transmission within the neural pathways that 
contribute to force production in the unexercised muscle (Goodwill, Pearce & Kidgell 
2012), and have been likened to the effects of LTP (Lee & Carroll 2007). A reduction 
in SICI of the iM1 (Goodwill, Pearce & Kidgell 2012) and decreased IHI from the 
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cM1 to the iM1 (Hortobágyi et al. 2011) has also been reported, both of which are 
believed to contribute to greater net corticospinal output from the iM1 due to a 
reduction of inhibitory synapses onto corticospinal cells (Goodwill, Pearce & Kidgell 
2012). Results from this study support these findings, however, the present findings 
suggest that when a short term strength training program is performed without a-tDCS, 
the duration of the effect may be limited. This may provide some explanation as to 
why an increase in MEP amplitude of the untrained limb accompanying cross-
education is not always observed (Latella, Kidgell & Pearce 2012). This study 
uniquely demonstrates that the addition of a-tDCS to the iM1 during unilateral training 
prolongs the aforementioned neuroplastic effects. Previous studies provide evidence 
for LTP like improvements in synaptic efficacy that are responsible for increased MEP 
amplitude and decreased SICI in the period following a-tDCS (Nitsche & Paulus 2000; 
Liebetanz et al. 2002). Therefore, based upon these findings, it seems reasonable to 
conclude that the combination of use-dependent neuroplasticity induced by unilateral 
strength training, and experimentally-induced neuroplasticity resulting from a-tDCS 
of the iM1, produce a complimentary effect on neuroplasticity of the corticospinal tract 
controlling the inactive limb. The results suggest that when these stimuli are applied 
concurrently, the duration of the observed neuroplastic effects appears to be extended, 
which may possibly underpin the prolonged magnitude of strength gain that was 
reported in the untrained limb. 
In study two, the immediate effects of a single session of strength training during a-
tDCS of the iM1 were investigated. Increased strength, corticospinal excitability and 
cross-activation, and a release of SICI was observed following the combined 
intervention, while a-tDCS alone produced an increase in corticospinal excitability, 
and strength training with sham-tDCS had no effect on outcome measures. When 
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considering these findings together, it appears that the addition of a-tDCS during 
training acts to accelerate and prolong neuroplasticity and performance gains in the 
untrained limb. The lack of any benefit for the ST + a-tDCS group immediately 
following the final training session in the present study suggests that multiple sessions 
of strength training with sham-tDCS may produce sufficient stimuli of the iM1 to reach 
a ceiling-like effect for neuroplasticity and strength gain of the untrained limb, that is 
not further enhanced by a-tDCS. However, the benefits of applying a-tDCS appear to 
become evident when use-dependent neuroplasticity from strength training alone is 
reduced, for example, when training is limited to a single session (study two), or 
following the 48 hour retention period in the present study. This also indicates that the 
benefits of applying a-tDCS to the iM1 may be less pronounced over longer training 
program durations or in higher performing individuals. 
Although no significant changes in MEP amplitude or SICI for the a-tDCS alone group 
were reported, non-significant trends consistent with typical responses to a-tDCS were 
observed (see Nitsche et al. 2008 for review). Modest increases in corticospinal 
excitability at 130% AMT and 150% AMT (9.54% and 16.10% respectively), and a 
release of SICI (-9.30%) were reported. There are a number of factors that may be 
responsible for the lack of a main effect. Firstly, it is possible that by measuring MEP 
amplitude immediately following the a-tDCS protocol may have prevented the full 
neuroplastic effects from being recorded. It is likely that effects present during the 
application of a-tDCS, which were not recorded, may have had a greater influence on 
corticospinal excitability (Furubayashi et al. 2008). There is also some evidence to 
suggest that the after-effects of a-tDCS may evolve over time, with optimal increases 
occurring outside of the time window that was recorded in this study (Furubayashi et 
al. 2008; Nitsche & Paulus 2001). Furthermore, there have been reports that 
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polymorphism of the brain derived neurotropic factor (BDNF) may reduce the 
effectiveness of various forms of non-invasive brain stimulation techniques in some 
individuals (Cheeran et al. 2008). Although the effects of BDNF on responsiveness to 
tDCS remain somewhat unresolved (Antal et al. 2010), it is possible that the inability 
to control for such genetic factors, along with some variability in the relatively small 
sample size, may have contributed to the lack of main effect in the a-tDCS only group.  
Consistent with study two and findings from other authors, performing an MVC with 
the right BB significantly increased the amplitude of the MEP recorded from the left 
BB, despite comparable pre-stimulus rmsEMG (Perez & Cohen 2008; Zijdewind et al. 
2006). Strength training (regardless of anodal or sham tDCS) produced a significant 
increase in cross-activation at both post intervention time points, which have also been 
observed following fatiguing muscle contractions (Arányi & Rösler 2002). These 
results corresponded well, with greatest increases in cross-activation occurring 
immediately following the final training session. It is plausible that the increase in 
cross-activation retained 48 hours following the final training session was also driven 
by residual fatigue of the trained muscle group. At retention, strength gain in the 
trained limb was not substantially greater than strength gain in the untrained limb. 
Since most cross-education studies report the magnitude of strength gain in the 
untrained limb to be approximately 52% of strength gain in the trained limb (Carroll 
et al. 2006), it is reasonable to conclude that optimum strength gains in the trained limb 
were considerably masked by the effects of fatigue, especially given the high intensity 
requirements of the training protocol, and untrained status of participants.  
Another significant limitation of the present study was the inability to quantify IHI 
following the intervention. Previous research has indicated that a reduction in IHI from 
the trained to the untrained M1 may play a significant role in mediating cross-
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education of strength during single sessions of muscle contractions (Howatson at al. 
2011) and following multiple training sessions (Hortobágyi et al. 2011). Without any 
direct measures, we are only able to speculate that IHI may have been reduced 
following training, and we are unable to determine whether the application of a-tDCS 
to the iM1 during training may augment this effect.  
The present findings have significant implications for enhancing rehabilitation 
outcomes following single limb injury or impairment. When immobilisation or 
fracture prevents strength training of a single limb, unilateral training of the healthy 
limb has been shown to assist with the maintenance of strength (Farthing, Krentz & 
Magnus 2009; Magnus et al. 2013; Pearce et al. 2012). Since the addition of a-tDCS 
to the iM1 during training sessions appears to prolong both functional and 
neurophysiological benefits in the untrained limb of healthy individuals, it is likely 
that similar benefits would be present in clinical populations. Further to this, this study 
has provided some evidence for a-tDCS enhancing offline gains in strength and 
neuroplasticity, it is possible that longer duration training programs and more frequent 
sessions may provide a greater compounding effect in clinical populations. Since most 
clinical manifestations of single limb impairment are chronic in nature, this 
demonstrates that the application of a-tDCS during training could provide 
considerably greater outcomes for the impaired limb over time. 
5.5. Conclusion 
In conclusion, this study has demonstrated that the application of a-tDCS to the iM1 
during short term unilateral strength training prolongs strength gain in the untrained 
limb, which appears to be mediated by prolonged neuroplasticity of the inactive 
corticospinal tract. Unilateral strength training with sham-tDCS also produced 
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significant gains in strength, corticospinal excitability and decreased SICI of the 
untrained homologous muscle immediately following the final training session, 
however these effects were considerably reduced within 48 hours.  These findings may 
have significant implications for improving rehabilitation outcomes following single 
limb injury or impairment. 
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CHAPTER SIX: GENERAL DISCUSSION 
The primary aim of this thesis was to assess the efficacy of utilising a-tDCS to enhance 
the functional and neurophysiological adaptations to strength training. The three 
experimental studies undertaken for this thesis have produced several key and novel 
findings that contribute to the strength training and tDCS literature. Study one 
investigated the application of a-tDCS to the cM1 during strength training of the wrist 
extensors. Strength of the trained ECR increased significantly following the three week 
intervention, however the application of a-tDCS did not appear to augment strength 
gain. Increased MEP amplitude and reduced SICI were observed following strength 
training with a-tDCS, but not following strength training with sham-tDCS. It was 
concluded that in healthy individuals, the addition of a-tDCS to the cM1 during 
training preferentially modulated neuroplasticity, without corresponding increases in 
strength. Study two assessed cross-education following the application of a-tDCS to 
the iM1 during a single session of unilateral strength training, quantifying the acute 
changes in neuroplasticity and strength of the untrained limb and corticospinal tract. 
Results from study two showed a significant increase in strength of the untrained limb 
when strength training and a-tDCS of the iM1 were performed concurrently, but not 
when either intervention was performed in isolation. Strength gain was accompanied 
by increases in corticospinal excitability and cross-activation, and a reduction in SICI 
of the iM1. It was concluded that unilateral muscle activity combined with a-tDCS 
produced a compounding effect, resulting in a short term increase in iM1 
neuroplasticity, and strength gain in the untrained limb. In study three, this protocol 
was applied to the BB across a two week strength training program, with 
neurophysiological and functional outcome measures recorded immediately following 
the final session, and after a 48 hour retention period. The program produced strength 
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gain in the untrained BB immediately following the final training session, 
accompanied by an increase in corticospinal excitability and a reduction in SICI, 
regardless of sham or anodal stimulation. However, the group receiving a-tDCS to the 
iM1 during strength training demonstrated significantly greater strength and 
accompanying neurophysiological adaptations following the 48 hour retention period. 
It was concluded that a-tDCS of the iM1 during training prolongs the short term effects 
of cross-education. When considering these findings collectively, there are several 
overarching themes that warrant further discussion that will be highlighted in the 
following sections. 
6.1. Combining use-dependent and experimentally-induced neuroplasticity 
Foremost, the findings from these studies provide strong evidence for an interaction 
between use-dependent neuroplasticity following strength training, and 
experimentally-induced neuroplasticity following a-tDCS. In study one, three weeks 
of strength training with sham-tDCS did not produce significant changes in 
corticospinal excitability or SICI of the cM1. The only neurophysiological adaptation 
observed following strength training alone was a reduction in silent period duration, 
which has also been reported following strength training of the quadriceps and intrinsic 
hand muscles (Kidgell & Pearce 2010; Latella, Kidgell & Pearce 2012). With the 
addition of a-tDCS during training, an increase in corticospinal excitability and a 
decrease in SICI was observed. It was initially concluded that these effects were likely 
to be solely due to the application of a-tDCS (as it was active prior to training and 
during rest periods), and that the interaction between use-dependent and 
experimentally-induced neuroplasticity may not be present. However, in study three, 
the repetitive application of a-tDCS alone across a two week period did not produce 
any lasting effect on corticospinal excitability. Instead, results from study three 
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indicated that the application of a-tDCS prolonged the use-dependent neuroplasticity 
induced by strength training. At retention (48 hours following the final training 
session) neurophysiological measures had returned to baseline for the group receiving 
sham-tDCS, whereas the group performing strength training with a-tDCS continued to 
display and increase in corticospinal excitability and reduction in SICI. Considering 
all post measures in study one were obtained 48-72 hours following training, it is 
possible that changes in corticospinal excitability were driven by a similar process, 
where application of a-tDCS may have acted to prolong the use-dependent 
neuroplasticity induced by strength training. Unfortunately, the presence of fatigue in 
the trained muscle prevented the immediate investigation of cM1 neuroplasticity, 
therefore making it difficult to test this hypothesis. Furthermore, since the effect of a-
tDCS alone was not investigated in study one, and the a-tDCS protocol was not 
identical in study three, this theory remains speculative.  
The results from study two provide further evidence for an interactive and 
complementary effect when use-dependent and experimentally-induced 
neuroplasticity are combined. In study two, a single bout of strength training failed to 
produce an immediate effect on iM1 neuroplasticity, while a single session of a-tDCS 
without training produced only a modest increase in corticospinal excitability, with no 
other significant effects on neurophysiological function or strength. However, the 
combination of strength training and a-tDCS produced an immediate increase in 
corticospinal excitability, cross-activation, and strength, as well as a reduction in SICI. 
This suggests that the combination of the two interventions produced a compounding 
effect, providing sufficient stimulus to produce a short term adaptive change in the 
function of the iM1, whereas independently, neither strength training nor a-tDCS were 
able to significantly elicit such changes. Collectively, the findings from studies one, 
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two and three indicate that experimentally-induced neuroplasticity may complement 
use-dependent neuroplasticity in some, but not all situations. It is likely that 
neuroplasticity induced by a-tDCS is of most benefit when it is not limited by a ceiling 
effect (i.e. when use-dependent neuroplasticity is unable to be maximised) or when an 
extended duration of neurophysiological and functional adaptations is desired.  
In previous research, increased corticospinal excitability following strength training 
has been attributed to increases in the number and strength of descending corticospinal 
volleys reaching the motor neuron pool, consequently leading to an increase in motor 
unit recruitment (Beck et al., 2007; Griffin and Cafarelli, 2007, Kidgell et al. 2010). 
Reductions in SICI observed following strength training suggest that the net increase 
in excitability is likely to be partially mediated by a reduction in inhibitory cortical 
interneuron activity via changes in GABAA sensitivity (Goodwill, Pearce & Kidgell 
2012; Weier, Pearce & Kidgell 2012), while reductions in silent period duration 
implicate cortical GABAB receptors as well as potential spinal inhibitory factors such 
as after-hyperpolarisation and recurrent inhibition of α-motoneurons (Chen Lozano & 
Ashby 1999; Kidgell & Pearce 2010; Latella, Kidgell & Pearce 2012). The 
neuroplastic changes reported throughout this thesis suggest that the additional 
application of a-tDCS during training, which is believed to increase cortical synaptic 
plasticity via changes in NMDA receptors in the post synaptic membrane (Liebetanz 
et al. 2002; Nitsche et al. 2003a), appears to facilitate such adaptations.  
Importantly, when unilateral strength training is performed, neuroplastic adaptations 
appear to occur bilaterally, in both the cM1 and the iM1. The increases in corticospinal 
excitability and decreases in SICI reported in the iM1 are likely to underpin the cross-
education of strength that is observed in the untrained limb (Goodwill, Pearce & 
Kidgell 2012; Kidgell & Pearce 2010). It is believed that interhemispheric 
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communication, most likely via the corpus callosum, may provide the structural 
foundation for the bilateral M1 activity observed during unilateral movement (Carson 
2005; Hortobágyi et al. 2011). The results from study two and three indicate that the 
application of a-tDCS to the iM1 appears to accelerate and prolong neuroplastic 
adaptations of the iM1, with corresponding effects on strength gain. A previous study 
demonstrated that iM1 neuroplasticity and corresponding performance gains in the 
untrained homologous limb induced by unilateral ballistic motor training was 
abolished by experimentally-induced down-regulation of iM1 plasticity (Lee et al. 
2010). Therefore, this thesis provides novel evidence to suggest that experimentally-
induced up-regulation of iM1 neuroplasticity can act to facilitate use-dependent 
neuroplasticity and cross-education of strength. Although the TMS protocol used 
throughout this thesis was unable to directly quantify interhemispheric 
communication, it is likely that the increase in corticospinal excitability of the iM1 
occurred as a result of increased facilitation and/or a reduction in inhibition between 
the cM1 and the iM1 (Hortobágyi et al. 2011; Howatson et al. 2011).  
The interaction between use-dependent and experimentally-induced neuroplasticity in 
all three experiments suggests that neuroplastic adaptations in the cM1 may be 
enhanced by strength training (study one), and neuroplastic adaptations in the iM1 may 
be accelerated (study two) and prolonged (study three) by the application of a-tDCS. 
6.2. Timing of a-tDCS application 
The rationale for applying a-tDCS during muscular contraction, rather than before or 
after training, was largely based upon the hypothesis that use-dependent and 
experimentally-induced neuroplasticity would produce a compounding effect when 
combined. In addition to this, one study that directly compared the timing of a-tDCS 
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application on motor learning outcomes, reported performance benefits only when a-
tDCS was applied during practice, and not when a-tDCS was applied prior to practice 
(Stagg et al. 2011). This has since been supported by a recent paper which 
demonstrated that a-tDCS applied during motor training to be most beneficial on 
immediate performance outcomes, while a-tDCS applied prior to training did produce 
some benefits when performance was re-tested after a 24 hour period (Sriraman, Oishi 
& Madhavan 2014). As such, we ensured a-tDCS would be applied for the duration of 
training during each study. Long duration and high intensity a-tDCS protocols were 
used, for the purpose of maximising the magnitude and duration of experimentally-
induced neuroplasticity (Bastani & Jaberzadeh 2012; Nitsche & Paulus 2001). When 
the duration of a-tDCS was greater than the duration of the prescribed training session, 
application began prior to training, as there was no available evidence to suggest that 
application post training would be of any benefit.  
The findings of this thesis indicate that the application of a-tDCS during training 
appears to be beneficial. However, observations in study three provide some evidence 
to suggest that application of a-tDCS post training, during the offline learning or 
consolidation period, should be considered. Although study three did not directly 
quantify the within session effects, the differences between strength training with 
sham-tDCS and a-tDCS only became evident after the 48 hour retention period, 
suggesting that the neuroplastic changes in the group training with a-tDCS may have 
occurred between, rather than within the practice sessions. A previous study examined 
the effects of a-tDCS applied during motor training on five consecutive days reported 
that improvements in motor performance occurred between sessions, rather than 
within sessions (Reis et al. 2009). While offline improvements in motor performance 
are generally associated with consolidation of motor skill training, results from this 
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thesis suggest that strength training may also benefit during the offline period, 
potentially due to the skillful demands associated with externally-paced training 
(Ackerley, Stinear & Byblow 2011; Weier, Pearce & Kidgell 2012) and complex 
recruitment patterns required to lift heavy loads (Carroll, Riek & Carson 2001b; 
Carroll et al. 2001). To our knowledge, there have been no attempts to facilitate motor 
performance by applying a-tDCS in the days or hours between training sessions to 
enhance offline consolidation, however our results suggest further investigation is 
warranted. Certainly, the application of a-tDCS between sessions may be particularly 
relevant when seeking to enhance strength of the trained limb (study one), as the 
benefits of applying a-tDCS of the cM1 during training appeared to be limited by a 
ceiling-like effect, which may potentially be avoided if a-tDCS is applied while the 
muscle is inactive. 
6.3. Evidence for a ceiling-like effect 
In study one, strength training produced an increase in strength of the trained limb, 
regardless of the application of a-tDCS or sham-tDCS to the cM1 during training. It 
was postulated that the lack of any further strength increases in the group receiving a-
tDCS was due to a ceiling-like effect, where strength gain has reached its maximum 
potential following the high intensity strength training. The findings of study one were 
further supported by recent studies which have suggested that strength training 
combined with a-tDCS of the cM1 is limited by a ceiling effect in healthy populations 
(Kan, Dundas & Nosaka 2013; Muthalib 2013). These studies both reported that a 
single application of a-tDCS in healthy individuals did not enhance muscular strength 
or endurance when compared to sham-tDCS, possibly due to a ceiling effect in healthy 
participants already exhibiting near optimal performance (Kan, Dundas & Nosaka 
2013; Muthalib 2013). Indeed, there is some evidence that the magnitude of 
 159 
 
performance is positively associated with age of healthy individuals (Hummel et al. 
2010), and impairment level of stroke affected individuals (Hummel & Cohen 2006). 
A separate study that reported a significant improvement in muscular endurance during 
a 20 minute application of a-tDCS provides some evidence to suggest that performance 
gains are limited to individuals with low baseline performance levels (Williams, 
Hoffman & Clark 2013). In this study, the time to fatigue of an endurance task was 
increased only for participant’s whose initial time to fatigue was less than the 20 
minute duration of a-tDCS application. While this may be interpreted as evidence for 
performance gains relating to the previously discussed timing of tDCS application, it 
may also suggest that participant’s with poorer baseline muscular endurance obtained 
greater performance benefits, while participants with higher levels of baseline 
endurance were limited by a ceiling effect.  
In studies two and three, the addition of a-tDCS to augment strength gain in the 
untrained limb provided a unique opportunity to avoid the limits of a ceiling effect. 
One meta-analysis reported that cross-education of strength to the untrained limb 
following unilateral training equates to approximately 52% of the strength gain 
observed in the trained limb (Carroll et al. 2006). This suggests that strength gained 
from cross-education represents only a small portion of the maximal potential for 
strength gain that would occur with regular training, and may be less likely to be 
limited by a ceiling effect. Similarly, while unilateral training appears to produce use-
dependent neuroplasticity of the iM1, the absence of movement in the untrained limb 
suggests that iM1 activity is somewhat indirect, and may be further increased by 
additional stimuli, such as a-tDCS. In study two, the combination of unilateral training 
and a-tDCS produced an immediate increase in strength of the untrained limb, which 
appeared to be driven by increased cross-activation of the iM1. However, when 
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multiple sessions were conducted in study three, the magnitude of strength gain and 
neuroplasticity of the iM1 immediately following the final training session was similar 
for both strength training groups, regardless of the application of a-tDCS or sham-
tDCS. The benefits of a-tDCS only became evident following the 48 hour retention 
period. Collectively, this suggests that the application of a-tDCS to the iM1 acted to 
accelerate (study two) and prolong (study three) the functional and neuroplastic effects 
of strength training when the stimuli from use-dependent neuroplasticity was limited 
(i.e. when training was limited to a single session, or following the 48 hour retention 
period). The lack of any benefit in the group receiving a-tDCS during strength training 
immediately following the final training session suggests that even without a-tDCS, 
multiple sessions of strength training may produce sufficient stimuli of the iM1 to 
reach a ceiling-like effect, that is not further enhanced by the addition of 
experimentally-induced neuroplasticity. 
Since a direct comparison of neuroplasticity and motor performance benefits in highly 
trained compared to normal functioning or motor impaired individuals has not been 
carried out, it is difficult to draw a strong conclusion on the ceiling effects that may 
limit the usefulness of a-tDCS. However, findings from all three experiments in this 
thesis collectively suggest that the potential benefits of a-tDCS may be limited by a 
ceiling effect, and are most likely to provide functional benefits in situations where 
traditional strength training cannot be performed.  
6.4. The relationship between neuroplasticity and functional performance 
The findings from this thesis highlight the absence of a clear correlation between 
neuroplasticity and performance. While both tDCS and strength training studies often 
demonstrate concurrent changes in neuroplasticity and motor performance, significant 
 161 
 
correlations between performance and neuroplasticity measures are rarely reported (Li 
Voti et al. 2011; Rogasch et al. 2009). Strength increases often occur in the absence of 
increased corticospinal excitability (Jensen, Marstrand & Nielsen 2005; Kidgell & 
Pearce 2010; Latella, Kidgell & Pearce 2012), particularly when training is not 
specifically designed to place additional demand on the nervous system. In study one, 
three weeks of strength training with sham-tDCS resulted in strength gain of the 
trained limb, without corresponding changes in corticospinal excitability of the cM1. 
The addition of a-tDCS to the cM1 produced significant changes in neuroplasticity, 
however no additional functional benefit was present. This suggests that the 
relationship between neuroplasticity and functional gains in motor performance is 
multifaceted. Many factors that influence the magnitude of neuroplasticity measured 
by TMS, such as the timing of testing or genetic factors, do not influence the magnitude 
of strength gain (Cirillo, Todd & Semmler 2011). Likewise, many factors influencing 
the magnitude of strength gain, such as the complex co-ordination of agonists, 
synergist and antagonists, are not reflected in MEPs recorded from the single agonist 
muscle.  
Collectively, the results from the experiments in this thesis suggest that both use-
dependent and experimentally-induced neuroplasticity appear to overlap, but 
contribute only partially to strength gains. The overall magnitude of strength gain, 
particularly when measured with functional tests such as a 1RM, is unlikely to be 
closely related to any single measure of neuroplasticity. As such, it should be noted 
that the goal of maximising M1 plasticity does not necessarily result in functional and 
clinically relevant motor performance benefits, and practical applications of research 
should be considered somewhat independently to mechanistic investigations of 
neuroplastic adaptations. 
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6.5. Limitations 
There are several limitations to this thesis that must be acknowledged and considered 
when interpreting the findings. Firstly, there are several methods for measuring 
neuroplasticity that were not used in this research, such as ICF, IHI and long-interval 
intracortical inhibition (LICI). While we reported changes in neuroplasticity measured 
with TMS following the interventions in all three studies, it is possible that some 
neuroplastic changes in the M1 remain undetected. In particular, the investigation of 
cross-education following unilateral training and a-tDCS of the iM1 in studies two and 
three is likely to have influenced interhemispheric communications between the cM1 
and the iM1. While the measurement of IHI may have provided additional information 
regarding interhemispheric interactions, the novel method used to investigate cross-
activation employed in this thesis provided valuable insight into the effects of 
unilateral contractions on the function of the iM1. This, together with the commonly 
assessed measurements of corticospinal excitability and SICI, enabled a 
comprehensive quantification of various aspects of neuroplasticity, while adhering to 
the time-dependent nature of post-intervention effects, and preventing excessive stress 
and fatigue on participants. 
The focality of a-tDCS was another limitation that must be considered when 
interpreting the findings of this thesis. The application of a-tDCS via 5 x 5 cm 
electrodes results in a widespread area of stimulation, which may extend beyond the 
intended target of the muscle of interest in either the cM1 or the iM1 (Nitsche et al. 
2008), potentially influencing the pre-motor and supplementary motor areas. 
Therefore, the possibility that increased activation of areas outside the M1 contribute 
to the observed increase in strength cannot be excluded. The use of high definition 
tDCS may provide a more direct and focal stimulation of underlying neural tissue.  
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There is evidence to suggest that polymorphism of the BDNF gene may reduce the 
effectiveness of various forms of non-invasive brain stimulation techniques in some 
individuals (Cheeran et al. 2008). While there is little evidence to suggest that BDNF 
polymorphism may influence neuroplastic or functional responses to use-dependent 
neuroplasticity (Li Voti et al. 2011), the effects of BDNF on responsiveness to tDCS 
remains somewhat unresolved (Antal et al. 2010). As we were unable to control for 
genetic polymorphisms, it is possible that the variability of individual responses may 
have been influenced by such factors. Despite sample size calculations reporting 
sufficient power in all three studies, it is possible that a larger sample size may have 
alluded to further findings, particularly in study two where no interaction effects were 
observed. The crossover design used in study two, and the random group allocation 
systems used in study one and three minimised any confounding effects that may have 
occurred as a result of inter-subject variability or limited sample size.  
6.6. Future directions  
The findings from this thesis suggest that the application of a-tDCS to both the cM1 
and the iM1 may be beneficial for individuals where muscular strength and 
performance is sub-maximal. Studies two and three provide evidence to suggest that 
a-tDCS may be a useful tool to accelerate and prolong the effects of cross-education, 
which may be clinically relevant to enhance recovery following single limb injury or 
impairment. Other studies have shown that unilateral training of the unaffected limb 
assists with maintaining strength and function of the affected limb following periods 
of immobilisation (Dragert & Zehr 2013; Farthing, Krentz & Magnus 2009; Magnus 
et al. 2010; Pearce et al. 2012) and fracture (Magnus et al. 2013), suggesting that 
further investigation into the use of a-tDCS to enhance cross-education of 
neuromuscular performance is warranted.  
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Another approach that may be worthy of investigation is the use of dual-tDCS in cross-
education. Dual-tDCS involves an electrode montage whereby the cathode is placed 
on the opposing M1, theoretically creating a down-regulatory effect, which may 
preferentially modulate interhemispheric plasticity. It is possible that placement of the 
cathode on the cM1 during unilateral strength training may promote a reduction in IHI 
from the cM1 to the iM1, potentially leading to increased iM1 excitability and 
corresponding benefits in performance of the untrained limb. At present, studies 
investigating dual-tDCS are limited, and findings lack consistency. There is some 
evidence to suggest that dual-tDCS may produce a stronger and more reliable effect 
on corticospinal excitability (Mordillo-Mateos et al. 2012), and greater improvements 
in motor performance of a finger sequencing task (Vines, Cerruti & Schlaug 2008), 
when compared to a-tDCS or sham-tDCS. However, another study has reported that 
gains in neuroplasticity and motor performance following dual-tDCS were not 
significantly different to improvements following a-tDCS (Kidgell et al. 2013). While 
it is possible that the use of dual-tDCS during unilateral strength training may provide 
additional benefits, particularly in situations where performance or neuroplastic 
asymmetries may be present (i.e. single limb injury or stroke), further investigation is 
needed. 
The potential use of a-tDCS to enhance sports performance of athletes has gained some 
interest (Banissy & Muggleton 2013). Although the findings of this thesis provide 
collective evidence for a ceiling effect following a-tDCS in individuals without 
functional deficits, the effects of tDCS in highly trained individuals have not been 
directly investigated, and therefore should not be ruled out. Considering that even 
small margins of improvement are of high importance in competitive sport, the 
application of a-tDCS may be useful to elicit maximal gains in neuromuscular 
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performance. Finally, considering a-tDCS is safe, inexpensive, and becoming more 
widely accessible, there is a growing need to develop prescription guidelines for 
practitioners in relation to the use of tDCS to supplement strength training. Future 
studies combining strength training with tDCS should be designed with the view to 
determine the optimal parameters for stimulation and training protocols based upon 
the desired performance goals. This should include variables such as intensity, 
duration and timing of stimulation in relation to training, and placement of electrodes. 
6.7. Conclusion 
The purpose of this thesis was to assess the efficacy of a-tDCS applied during 
unilateral strength training as a method to augment functional strength gain and 
neuroplasticity of the M1. It was hypothesised that the combination of use-dependent 
neuroplasticity produced by strength training and experimentally-induced 
neuroplasticity from a-tDCS would have a compounding effect when applied 
simultaneously, resulting in greater gains in functional strength. Study one 
demonstrated that three weeks of strength training with a-tDCS of the cM1 augmented 
neuroplasticity, but did not produce additional increases in strength. In study two and 
three, a-tDCS was applied to the iM1 in order to facilitate cross-education. It was 
determined that neuroplasticity of the iM1 and strength gains of the untrained limb 
were accelerated and prolonged when strength training and a-tDCS were combined. 
Collectively, the findings from this thesis provide novel evidence that the combination 
of strength training and a-tDCS has a complimentary effect on neuroplasticity and 
strength, and may be particularly useful when injury or motor impairment prevents 
traditional heavy load strength training. 
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PARTICIPANT INFORMATION 
 
 
Subject Details 
Subject Name:  
Address:  
Ph:  Sex:  
DOB:  Occupation:  
Ethnic Background:  Email address:_________________________ 
 
Background information 
Do you suffer from any known neurological disorders? 
  
Are you currently taking any medication which influences nerve conduction or blood 
clotting? If so, what? 
  
Do you regularly drink beverages containing caffeine?  If so, how many cups per day? 
  
Which hand do you use for most daily activities when using only one? 
  
Are you involved in regular physical activity requiring the use of your hands/arms?  If so, 
what is the activity/activities, the intensity and time commitment? 
Activity:  
Intensity:  
Hours per week:  
Months per year:  
Would you like to receive a copy of your personal results from this study?      YES / NO 
Would you like to receive a copy of the final thesis?         YES / NO 
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Transcranial Magnetic Stimulation† (TMS) Adult Safety Screen 
 
Name: 
Date: 
Age: 
 
Please answer the following: 
 
Have you ever:  
 
Had an adverse reaction to TMS?       Yes     No 
Had a seizure?         Yes     No 
Had an electroencephalogram (EEG)?      Yes     No 
Had a stroke?          Yes     No
Had a serious head injury (include neurosurgery)?     Yes     No 
Had any other brain-related condition?      Yes     No 
Had any illness that caused brain injury?     Yes     No
 
Do you have any metal in your head (outside the mouth)  
such as shrapnel, surgical clips, or fragments from welding  
or metalwork?        Yes     No 
Do you have any implanted devices such  
as cardiac pacemakers, medical pumps, or intracardiac lines?  Yes     No 
Do you suffer from frequent or severe headaches?    Yes     No 
Are you taking any medications?       Yes     No
Are you pregnant, or is it possible that you may be pregnant?  Yes     No 
Does anyone in your family have epilepsy?      Yes     No 
Do you need further explanation of TMS and its associated risks?   Yes     No 
 
If you answered yes to any of the above, please provide details (use reverse if necessary): 
 
________________________________________________________________________ 
________________________________________________________________________ 
________________________________________________________________________ 
________________________________________________________________________ 
________________________________________________________________________ 
 
 
† For use with single-pulse TMS, paired-pulse TMS, or repetitive TMS. 
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ATTACHMENT: Pre-screening medical questionnaire 
 
MEDICAL QUESTIONNAIRE 
 
Responses to this questionnaire will be kept strictly confidential. The responses from 
this questionnaire will provide the investigators with appropriate information to 
establish suitability of your participation in this study. Anyone who is currently 
carrying a musculo-skeletal injury or has a history of past, serious musculo-skeletal 
injuries, if they have epilepsy, are pregnant or have a cardiac pacemaker may be 
excluded from the study for health and safety reasons. 
 
 
NAME: ……………………………………. AGE: ……. (yrs)  GENDER: ……. 
 
BODY MASS: …………. (kg)   HEIGHT: ……….. (cm) 
 
 
Are you currently undertaking any form of regular exercise?   YES NO 
If yes, briefly describe the type and amount (i.e frequency, duration) of exercise you 
perform. 
 
 
 
 
1. Are you a smoker?      YES NO 
 
2. Has anyone ever told you that you: 
2.1 are overweight?     YES NO UNKNOWN 
 
2.2 have high blood pressure?    YES NO UNKNOWN 
 
2.3 have a heart condition or heart murmur?  YES NO UNKNOWN 
 
2.4 have asthma or a respiratory condition?  YES NO UNKNOWN 
 
2.5 have diabetes?     YES NO UNKNOWN 
 
2.6 have a bleeding disorder (e.g. haemophilia)? YES NO UNKNOWN 
 
3.Have you ever had: 
3.1 chest pain, chest discomfort, chest tightness or chest heaviness? 
YES NO  UNKNOWN 
 
3.2 shortness of breath out of proportion to exercise undertaken? 
       YES  NO UNKNOWN 
3.3 heart palpitations (sensation of abnormally fast and/or irregular heart beat)? 
YES NO UNKNOWN 
 
3.4 episodes of fainting, collapse or loss of consciousness? 
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       YES NO UNKNOWN 
 
3.5 abnormal bleeding or bruising?   YES NO UNKNOWN 
 
3.6 gastrointestinal problems?    YES NO UNKNOWN 
 
4. Do you have a family history of cardiovascular disease? 
(eg. heart attack, chest pain/angina, stroke)  YES NO UNKNOWN 
If YES, please elaborate: 
 
 
5. Do you have a family history of diabetes?  YES NO UNKNOWN 
If YES, please elaborate: 
 
 
6. Have you ever suffered any musculoskeletal injury? 
YES NO UNKNOWN 
If YES, please elaborate: 
 
 
7. Have you ever experienced difficulty swallowing YES NO UNKNOWN 
or any other gastrointestinal problem? 
If YES, please elaborate: 
 
 
8. Do you have any allergies? (including to medications) 
YES NO UNKNOWN 
If YES, please elaborate: 
 
 
 
9. Are you currently on any medication?    YES NO 
If YES, please describe: 
 
 
10. Are you currently taking anabolic steroids or any 
other performance-enhancing agents?     YES NO 
 
11. Is there any other reason which you know of that would prevent you from 
undertaking the proposed exercise and other tests?   YES NO 
If YES, please elaborate: 
 
 
I believe the information I have provided to be true and correct. 
 
 
SIGNED: ……………………………………………..DATE: ………………….. 
 
COMMENTS ON MEDICAL EXAMINATION (where appropriate): 
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Edinburgh Handedness Inventory 
 
 
Please indicate your preferences in the use of hands in the following activities by 
putting a check in the appropriate column. 
 
If the preference is so strong that you would never try to use the other hand unless 
absolutely forced to, put two ‘X X’. If in any case you are really indifferent, put a ‘X’ in 
both columns. 
 
Some of the activities listed below require the use of both hands. In these cases, the 
part of the task, or object, for which hand preference is wanted is indicated in 
parentheses. 
 
Please try and answer all of the questions, and only leave a blank if you have no 
experience at all with the object or task. 
 
Task Left Right 
1. Writing D D D D 
2. Drawing D D D D 
3. Throwing D D D D 
4. Scissors D D D D 
5. Toothbrush D D D D 
6. Knife (without fork) D D D D 
7. Spoon D D D D 
8. Broom (upper hand) D D D D 
9. Striking Match (match) D D D D 
10. Opening box (lid) D D D D 
 
TOTAL (count  X  in both columns)   
 
Difference Cumulative 
(Total) 
Result 
 
 
Scoring: 
 
• Add up the number of checks in the "Left" and "Right" columns and enter 
in the "TOTAL" row for each column. 
• Add the left total and the right total and enter in the "Cumulative 
TOTAL" cell. 
• Subtract the left total from the right total and enter in the "Difference" cell. 
• Divide the "Difference" cell by the "Cumulative TOTAL" cell (round to 2 
digits if necessary) and multiply by 100; enter the result in the "Result" cell. 
 
Interpretation (based on Result):  
Below -40  =  left-handed 
Between -40 and +40 = ambidextrous  
Above +40 = right-handed 
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